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Abstract 

Axelrod.  Daniel  I.  Age  and  origin  of  Sonoran  Desert  vegetation.  Occasional  Papers  of  the  California  Academy  of 
Sciences,  no.  132.  74  pages,  27  figs.,  8  tables,  1979. — Fossil  floras  now  in  southern  California  and  adjacent  Baja 
California  were  transported  northward  from  the  region  of  the  present  Sonoran  Desert  by  movements  on  the  San 
Andreas  fault  system.  These  floras  reveal  that  from  the  Late  Cretaceous  into  the  Pliocene,  the  area  of  the  present 
Sonoran  Desert  supported  a  progression  of  vegetation — savanna,  dry  tropic  forest,  short-tree  forest,  woodland- 
chaparral,  thorn  forest.  The  record  shows  that  local  basins  supported  semidesert  vegetation  by  the  early  Miocene, 
and  it  may  be  inferred  for  restricted  dry  sites  by  the  late  Eocene.  Thus,  the  area  of  the  present  Sonoran  Desert  has 
been  accumulating  taxa  which  were  preadapted  both  in  form  and  function  to  progressively  increasing  drought  during 
the  Tertiary.  The  taxa  are  allocated  provisionally  to  several  ages,  with  the  oldest  containing  the  most  distinct  ones. 
The  present  regional  desert  emerged  only  in  the  interglacials,  and  especially  after  the  Wisconsin. 

This  evidence  regarding  age  and  origin  leads  to  a  discussion  of:  a)  the  sources  of  the  Sonoran  Desert  flora,  b)  the 
floristic  imbalance  of  the  flora,  < )  the  great  diversity  of  dominant  life  forms  there  as  compared  with  bordering 
vegetation  zones,  and  d)  its  relations  to  the  Chihuahuan  and  Hidalgan  desert  floras. 


Age  and  Origin  of  Sonoran  Desert  Vegetation 

Daniel  I.  Axelrod 


INTRODUCTION 

Recent  ecologic  and  evolutionary  studies  of 
modern  taxa  in  desert  areas  have  led  to  the 
opinion  that  the  present  hot  desert  environments 
are  ancient.  This  conclusion  has  been  reached 
for  the  Namib  Desert  of  Africa  (Zinderen  Bak- 
ker  1975),  the  central  Australian  Desert  (Beard 
1976,  1977),  the  Argentine  Desert  (Solbrig  1976; 
Blair,  Hulse,  and  Mares  1976),  the  arid  Carib- 
bean vegetation  (Sarmiento  1976),  and  the  So- 
noran, Chihuahuan  and  Hidalgan  deserts  of 
Mexico  and  border  areas  (Johnson  1968;  Rze- 
dowski  1962;  Blair  1976;  Blair,  Hulse,  and 
Mares  1976;  Halffter  1976;  Otte  1976).  The  evi- 
dence for  antiquity  is  based  chiefly  on  modern 
biotic  data  that  pertain  to  the  degree  of  ende- 
mism,  or  to  the  unique  morphology,  of  certain 
taxa  in  these  desert  areas.  These  investigators 
call  on  ancient  deserts  but  have  not  indicated 
when  they  initially  appeared  (are  they  "earth- 
old"?);  they  have  not  designated  their  areas 
apart  from  the  assumption  that  they  correspond- 
ed with  present  ones;  and  they  also  imply  that 
these  ancient  deserts  had  climates  like  the  mod- 
ern ones. 

Tentative  answers  to  such  problems  may  be 
inferred  from  geologic  and  paleobotanic  evi- 
dence of  environments  that  characterized  the 
present  desert  area  during  the  Late  Cretaceous 
and  Tertiary,  times  when  plants  ancestral  to, 
and  in  some  cases  identical  with,  those  of  the 
present  desert  and  desert-border  environments 
were  in  existence.  Earlier  reviews  of  the  fossil 
plant  record  have  already  shown  that  forests  and 
savannas  covered  areas  of  the  present  subtrop- 
ical and  tropical  deserts  well  into  the  Eocene, 
and  that  dry  tropical  forest,  woodland,  and  thorn 
forest  covered  the  modern  tropical  deserts  into 
the  middle  and  late  Tertiary  (Axelrod  1950d, 
1958,  1970;  Axelrod  and  Raven  1977;  Krysto- 
fovich  1954;  Tankard  and  Rogers  1978).  The  evi- 
dence also  shows  that  temperate  forests  com- 
posed of  conifers  and  deciduous  hardwoods 
blanketed  the  areas  of  the  present  temperate 
desert  regions  into  the  close  of  the  Miocene,  and 
that  they  gave  way  to  woodland,  grassland,  and 
sage-steppe  vegetation  with  a  riparian  occur- 


rence of  trees  during  the  Pliocene.  Clearly,  the 
present  regional  deserts  must  be  more  recent.  If 
true,  this  conclusion  raises  several  related  prob- 
lems that  also  require  consideration.  When  did 
semideserts  and  local  deserts  initially  appear? 
Where  were  they  situated?  What  was  the  nature 
of  their  climates:  were  they  like  those  of  the 
present  deserts?  If  regional  deserts  do  not  have 
great  antiquity,  how  can  we  explain  the  origin 
of  the  specialized  adaptive  types  (e.g.,  Fou- 
quieria,  Nolina,  Piuhycormus)  and  the  unique 
monotypic  families  (e.g.,  Crossosomataceae, 
Koeberliniaceae,  Simmondsiaceae)  that  are  now 
in  the  Sonoran  Desert  and  border  areas? 

Provisional  answers  to  these  questions  are 
provided  by  a  reanalysis  of  the  Cretaceous  and 
Tertiary  floras  recovered  from  the  region  of  the 
present  Sonoran  Desert  and  its  margins.  Some 
of  the  older  floras  have  been  revised  and  there 
are  new  ones  which  add  important  information 
to  the  vegetation  history  of  the  area.  In  addition, 
our  knowledge  of  the  geologic  history  of  the  re- 
gion has  increased  greatly  during  the  past  de- 
cade. The  evidence  of  plate  tectonics  which 
clarifies  the  history  of  southern  California  and 
Baja  California  is  particularly  significant.  It 
shows  that  fossil  floras  which  represent  tropic 
forest,  savanna,  and  woodland  vegetation  lived 
in  the  present  area  of  the  Sonoran  Desert,  and 
that  they  were  displaced  northward  to  their 
present  positions  by  later  plate  movements. 
These  movements  are  expressed  chiefly  by  the 
history  of  the  complex  San  Andreas  fault  system 
and  associated  sea-floor  spreading  that  opened 
the  Gulf  of  California  during  the  Miocene  and 
Pliocene  (Crowell  1962,  1975;  Gastil  and  Jensky 
1973;  Gastil,  PhiUips,  and  Allison  1975;  Karig 
and  Jensky  1972;  Matthews  1976;  Smith  1976). 
The  progression  of  fossil  floras  thus  provides  in- 
controvertible evidence  which  shows  that  this 
regional  desert  developed  gradually,  and  that 
taxa  which  were  adapted  to  the  progressively 
drier  climate  that  developed  over  the  region 
have  been  accumulating  in  the  Sonoran  region 
since  the  Late  Cretaceous. 

The  sequence  of  Cretaceous  and  Tertiary  flo- 
ras recovered  from  the  present  area  of  the  So- 
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noran  Desert  region  leads  to  the  thesis  perceived 
earlier  (Axchod  \9H)c.  1958.  1%7.  1970.  1972). 
Forerunners  of  the  present  Sonoran  Desert  taxa 
/)  originated  in  local  dry  basins  and  restricted 
dry  sites.  2)  the  taxa  in  the  present  desert  are 
derivatives  of  alliances  of  plant  formations  that 
inhabited  the  area  during  the  Late  Cretaceous 
and  Tertiary,  before  it  was  a  regional  desert.  3) 
they  gradually  adapted  to  increasing  and  spread- 
ing regional  drought  during  the  Tertiary,  and  4) 
the  area  has  only  recently  emerged  as  a  regional 
desert  of  extreme  heat  and  aridity.  The  present 
Sonoran  Desert  region  has  therefore  been  a  re- 
pository for  taxa  which  were  preadapted  both  in 
life  form  and  function  to  the  trend  to  progres- 
sively increasing  aridity  during  a  span  of  fully 
70-odd  million  years.  Hence,  it  is  expectable 
that  the  area  not  only  harbors  monotypic  fami- 
lies of  obvious  antiquity,  but  unique  genera  of 
both  tropical  and  warm  temperate  affinity,  as 
well  as  much  younger  taxa  that  are  related  to 
those  that  still  live  on  the  borders  of  the  desert, 
and  some  that  also  range  far  out  into  the  desert. 
Since  the  evidence  that  supports  this  general 
conclusion  has  an  important  bearing  on  future 
evt)lutionary  and  systematic  studies  in  this  and 
other  tropical  deserts,  it  seems  appropriate  to 
outline  its  history  in  the  light  of  the  data  now 
available. 

To  aid  in  understanding  the  developmental 
history  of  the  present  desert  region,  the  paper 
begins  with  a  brief  review  of  the  general  features 
of  the  climate  and  flora  of  the  Sonoran  Desert. 
This  is  a  subtropical  desert  and  is  notable  be- 
cause similar  taxa  are  represented  in  the  wood- 
land and  chaparral  vegetation  on  its  eastern  and 
western  margins  in  slightly  wetter  areas  above 
the  desert.  This  implies  that  these  taxa  probably 
were  distributed  more  continuously  over  the  re- 
gion now  desert  in  the  past,  when  rainfall  was 
higher.  Next  we  turn  to  the  geologic  and  pa- 
leontologic  evidence  that  shows  that  very  dif- 
ferent terrains,  vegetation,  and  climate  charac- 
terized the  present  area  of  the  Sonoran  Desert 
region  during  Cretaceous  and  Cenozoic  times. 
The  major  event  in  its  structural  history  has 
been  the  opening  of  the  Sea  of  Cortez  as  the 
peninsular  region  was  rafted  away  from  the 
Mexican  mainland  and  then  its  northward  shift 
some  500  km  (about  300  miles)  by  movement 
along  the  San  Andreas  and  allied  rifts.  During 
this  time  there  were  accompanying  changes  in 
relief,  with  the  elevation  of  the  major  mountain 


ranges  of  the  region.  The  changes  in  vegetation 
and.  by  inference,  the  climate  of  the  region  that 
resulted  from  these  topographic  and  spatial  (lat- 
itudinal) modifications  were  accompanied  by  a 
general  cooling  of  the  ocean  that  spread  south- 
ward from  high  latitudes.  This  was  one  of  the 
major  factors  that  led  to  the  spread  of  progres- 
sively drier  climates.  These  changes  are  reflect- 
ed in  the  fossil  floras  of  the  region,  distributed 
in  time  from  the  Late  Cretaceous  (70  m.y.,  mil- 
lion years)  into  the  close  of  the  Pleistocene 
(12.000  B.P..  before  the  present). 

The  taxa  in  the  fossil  floras  recovered  from 
the  region  are  listed  because  they  provide  a  basis 
for  inferring  the  nature  of  the  climate  under 
which  they  lived,  and  the  general  type  of  vege- 
tation to  which  they  contributed.  A  number  of 
the  taxa  recur  in  the  listed  fossil  floras,  showing 
that  they  persisted  from  one  epoch  to  the  next, 
much  as  taxa  today  may  occur  in  more  than  one 
vegetation  zone  that  lives  under  somewhat  dif- 
ferent conditions.  Indeed,  their  recurrence  pro- 
vides a  thread  of  continuity  for  interpreting  the 
sequence  of  different  vegetation  zones  that  have 
occupied  the  region,  and  hence  the  manner  in 
which  desert  vegetation  has  gradually  come  into 
existence.  Consideration  of  this  evidence  makes 
it  clear  that  the  present  Sonoran  Desert  vege- 
tation is  made  up  of  taxa  that  originally  belonged 
to  vegetation  zones  that  were  adapted  to  moister 
climates  and  to  climates  with  lower  ranges  of 
temperature:  climates  were  more  equable.  Thus, 
over  a  span  of  tens  of  millions  of  years  some  of 
the  woody  plants  that  lived  in  the  region  were 
able  to  persist  and  adapt  to  the  progressively 
drier  and  less  equable  climate  that  culminated 
in  the  present  conditions.  With  this  as  a  back- 
ground, it  is  then  possible  to  consider  some  of 
the  evolutionary  implications  of  this  general  the- 
ory to  desert  evolution  in  general.  The  report 
concludes  with  a  discussion  of  some  of  the  im- 
portant features  of  the  present  Sonoran  Desert 
flora,  notably  its  sources,  the  imbalance  in  the 
flora,  the  diversity  of  life  forms,  its  floristic  di- 
versity, and  its  relation  to  other  desert  regions 
in  Mexico  chiefly. 

GENERAL  FEATURES 

Climate 

The  Sonoran  Desert  (Fig.  1).  which  has  an 
arid  subtropical  to  tropical  climate,  finds  its 
counterparts  in  the  warm  deserts  of  Africa, 
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southwestern  Asia.  South  America,  and  Austra- 
lia, deserts  whose  areas  are  nicely  charted  by 
McGinnies.  Goldman,  and  Laylore  (1968:xii- 
xxviii).  The  primary  cause  of  all  these  dry  re- 
gions is  that  they  coincide  with  the  permanent 
high  pressure  cells  that  now  dominate  generally 
between  latitudes  23'  and  30'.  Descending  air  in 
these  areas  is  heated  adiabatically  and  arrives  at 
the  surface  largely  devoid  of  moisture  and  is 
therefore  incapable  of  producing  rain.  Equator- 
ward,  the  subtropical  deserts  are  replaced  grad- 
ually by  thorn  forest,  dry  tropic  forest,  and  sa- 
vanna as  moist  tropical  air  penetrates  more 
frequently  to  produce  conventional  rain  during 
summer.  On  their  poleward  margins,  subtropical 
deserts  give  way  to  grassland  and  sclerophyll 
woodland  and  brushland.  These  areas  now  re- 
ceive frontal  rains  in  winter  regions  with  a  med- 
iterranean-type climate.  However,  summer 
rains  characterized  these  present  areas  of  winter 
rain  into  the  early  Pleistocene,  and  they  still  oc- 
cur over  the  interior  in  areas  with  sclerophyll 
vegetation,  as  in  Arizona-Texas-Tamaulipas.  as 
well  as  in  northern  Turkey,  southeast  Australia, 
and  South  Africa. 

Two  secondary  factors  also  contribute  to  the 
aridity  of  desert  regions.  First,  in  areas  where 
subtropical  deserts  are  bordered  by  a  cool  ocean 
on  the  western  side  of  the  continent,  a  layer  of 
cool,  moist  air  moving  inland  beneath  the  de- 
scending dry  air  produces  fog,  but  no  precipi- 
tation. The  resultant  very  mild  climate  supports 
a  fog-desert,  as  along  the  Pacific  coast  of  north- 
ern Baja  California,  the  Chilean  coast  from  near 
La  Serena  northward,  and  in  the  Namib  of 
southwest  Africa.  Since  the  relationship  is  de- 
termined by  the  regional  occurrence  of  cold 
water  offshore,  which  has  developed  largely 
since  4.0  m.y.  (Kennett  et  al.  1975;  Shackelton 
and  Kennett  1975;  Kemp  1978),  foggy  deserts 
are  new  in  a  geologic  sense.  The  second  factor 
that  accentuates  aridity  occurs  in  areas  where 
air  forced  over  mountains  deposits  moisture  on 
the  windward  slope  and  descends  warm  and  dry 
to  the  lee.  The  severity  of  dry  climate  that  de- 
velops in  the  "rainshadow"  depends  on  whether 
moisture  comes  occasionally  from  another  di- 
rection. Since  high  topography  is  a  relatively 
young  feature  in  western  North  America,  Chile- 
Peru,  and  elsewhere,  its  development  has  ac- 
centuated both  the  area  and  the  intensity  of 
drought  in  the  lee  of  the  recently  uplifted  Cor- 
dilleras. 


Figure  1.  Position  of  Sonoran  Desert  in  relation  to  other 
desert  regions  of  North  America  (Shreve  1942;  Rzedowski 
1973).  1  =  Great  Basin.  2  =  Mojave.  3  =  Sonoran,  4  =  Chi- 
huahuan.  5  =  Hidalgan,  a.  Tohman  &  vie.  b.  Valle  de  Mes- 
quital,  c.  Tehuacan  Valley. 


The  Sonoran  Desert  is  now  under  the  influ- 
ence of  both  the  primary  and  secondary  factors. 
Most  of  its  area  lies  within  the  subtropical  high 
pressure  cell,  and  its  northern  arm  in  California 
and  adjacent  Baja  California  receives  little  win- 
ter precipitation  because  it  is  in  the  lee  of  the 
Peninsular  Ranges.  The  summer  rains  that  fall 
over  the  Sierra  Madre  Occidental  in  western 
Mexico  and  adjacent  Arizona  rapidly  decrease 
to  the  west,  away  from  their  source  area  which 
is  chiefly  the  Gulf  of  Mexico.  Those  that  origi- 
nate in  the  tropical  eastern  Pacific  lose  strength 
as  they  meet  the  mountains  of  western  Mexico 
and  the  colder  waters  along  its  north  coast. 
Coastal  fog  dominates  the  outer  coast  of  central 
to  northern  Baja  California  in  summer,  where  a 
rich  fog-desert  exists. 

These  conditions  that  account  for  the  present 
desert  can  not  be  considered  "earth-old."  The 
subtropical  high  pressure  system  gradually  in- 
creased in  strength  during  the  middle  and  late 
Tertiary  as  the  global  thermal  gradient  nearly 
doubled.  The  oceans  chilled  quite  rapidly  fol- 
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lowing  the  Miocene,  and  the  uphft  of  the  ranges 
to  the  windward  of  the  present  desert  is  also 
very  recent — chiefly  late  Pliocene  and  early  to 
middle  Pleistocene.  These  data  imply  that  cli- 
mate over  the  area  of  the  present  desert  must 
have  been  quite  different  in  the  recent  past.  This 
is  apparent  from  the  occurrence  in  the  present 
desert  region  of  fossil  floras  which  reveal  that 
woodland  and  other  kinds  of  non-desert  vege- 
tation covered  the  area  well  into  the  late  Ter- 
tiary, and  even  in  the  late  Quaternary. 

Vegetation 

The  desert  region  of  each  continent  can  be 
subdivided  into  a  series  of  deserts.  Commencing 
with  those  that  have  rather  well  developed  com- 
munities that  respond  to  at  least  one  favorable 
season  for  growth,  there  is  a  transition  to  those 
with  slightly  less  vegetation  that  results  from 
more  unfavorable  moisture  conditions,  to  those 
that  are  extremely  dry  and  essentially  barren. 
Each  major  continental  desert  grades  into  more 
favorable  regions  which  are  semidesert  and  then 
non-desert,  but  which  have  taxa  that  relate  them 
to  those  in  the  desert.  Thus,  a  series  of  deserts 
displays  the  same  unity  as  a  series  of  forest-  or 
woodland-types,  showing  gradual  modifications 
in  composition  and  physiognomy  as  climate 
changes  progressively  over  a  broad  region. 

As  emphasized  earlier  by  Shreve  (1940),  the 
Sonoran  Desert  is  bordered  by  widely  different 
kinds  of  vegetation.  As  sketched  in  a  general 
way  in  Figure  2,  on  its  southern,  warmer  and 
moister  margins  the  desert  gives  way  to  arid 
tropical  scrub  and  mesquite  grassland,  both  of 
which  are  replaced  by  arid  tropical  (deciduous) 
forests  in  moister  areas,  as  in  the  Cape  Region 
or  in  the  foothills  of  southern  Sonora  and  Sina- 
loa,  where  it  is  termed  short-tree  forest  by  Gen- 
try ( 1942).  Along  its  northern  borders  in  Arizona 
the  desert  is  replaced  by  grassland  in  slightly 
moister  areas,  and  then  by  an  oak-pihon  wood- 
land or  piiion-juniper  woodland  along  its  colder 
margins  in  northern  Arizona  and  in  eastern  Cal- 
ifornia. In  its  northwestern,  coastal  sector  the 
desert  grades  into  a  denser  rich  coastal  sage  near 
Rosario  that  extends  northward  to  the  San  Diego 
region  (Shreve  1936),  where  it  is  replaced  by 
another  coastal  sage  community  of  lower  diver- 
sity. In  the  scattered  uplands  of  the  Sonoran 
Desert,  as  in  Baja  California  and  also  in  western 
Arizona  and  southeastern  California,  there  are 
small  patches  of  oak  woodland,  pinon,  chapar- 


ral, or  grassland,  all  clearly  relict  from  other 
more  genial  and  older  climates. 

The  Sonoran  is  an  arboreal  desert,  character- 
ized by  numerous  small  trees  of  diverse  genera 
(Shreve  1942,  1951).  The  dominant  plants  rep- 
resent a  wide  variety  of  life  forms  which  give 
the  vegetation  its  distinctive  physiognomy. 
These  notably  include  arborescent  yuccas,  bar- 
rel cacti,  arborescent  columnar  cacti,  evergreen 
trees  and  shrubs,  leafless  trees  and  shrubs,  di- 
verse perennials,  deciduous  to  semideciduous 
shrubs  and  small  trees,  shadowless  plants,  leaf- 
less succulents,  and  many  others  (see  Shreve 
1951:34).  The  dominants  differ  markedly  in 
height;  in  bulk;  in  manner  and  amount  of 
branching;  in  the  nature  of  the  stem;  in  the  size, 
duration,  and  seasonal  behavior  of  the  leaves; 
in  the  degree  of  succulence;  in  the  time  of  flow- 
ering; and  in  other  features  as  well.  The  habitats 
that  support  the  largest  number  of  growth  forms 
are  on  the  hill-  and  mountain-slopes  and  upper 
bajadas  where  rainfall  is  greater  (230-300  mm; 
—9-12  inches)  and  where  temperatures  are  more 
moderate  than  at  lower  levels.  Whereas  such 
areas  frequently  have  20  or  more  life  forms,  the 
drier  plains  and  lower  bajadas  may  have  only  3 
or  4.  Meteorological  data  for  stations  in  these 
areas  demonstrate  that  the  lower  and  drier  Lar- 
rea-Franseria  zone  has  a  hotter,  less  equable 
climate  (Axelrod  1965:fig.  7).  Yang  and  Lowe 
(1956)  report  that  the  Lanea-Franseria  desert, 
which  dominates  the  lower  flats  where  the  finer 
soil  has  a  considerable  clay  fraction,  has  a  higher 
moisture  content  than  the  slopes  covered  by  the 
cactus  savanna  which  requires  more  adequate 
drainage  (cf.  Spalding  1909:124). 

Shreve  (1951)  mapped  several  subdivisions  of 
the  Sonoran  Desert  based  on  changes  in  the 
composition  of  the  dominant  vegetation.  As 
judged  from  a  number  of  representative  stations 
(in  U.S.  Dept.  Commerce,  CUmatography  of  the 
United  States;  Garcia  1973),  the  general  thermal 
conditions  under  which  the  Sonoran  and  other 
western  deserts  now  live  are  shown  in  Figure  3. 
Note  that  the  stations  along  the  northern  border 
of  the  Sonoran  Desert,  such  as  Phoenix  and 
Palm  Springs,  are  regularly  subject  to  light  frost, 
and  that  the  climate  at  the  south  is  arid  tropical 
and  frost  free.  Precipitation  over  these  areas 
varies  from  dominant  summer  rainfall  in  the 
tropical  deserts  of  Mexico,  to  a  biseasonal  rain- 
fall in  areas  near  the  international  boundary,  to 
chiefly  winter  precipitation  in  the  Mohave  and 
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Mixed  conifer  forest 
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&  storms     (weak.  cf.  Fig.  is) 


Figure  2.     General  distribution  of  vegetation  bordering  the  Sonoran  Desert  region  (from  Shreve  1937;  Nicol  1937;  Leopold 
1950;  and  personal  observation). 


Great  Basin  desert  areas,  which  frequently  (Mo- 
have) or  regularly  (Great  Basin)  have  snow. 

Flora 

The  area  of  the  Sonoran  Desert  is  similar  to 
that  of  the  California  floristic  province,  yet  these 
areas  differ  importantly  in  numbers  of  taxa  and 
the  degree  of  endemism  (Raven  and  Axelrod 


1978: table  1).  Both  have  a  similar  number  of 
genera  (746  in  the  Sonoran.  795  in  California  flo- 
ristic province)  of  which  20  (2.7%)  are  endemic 
to  the  Sonoran  Desert  and  50  (6.3%)  to  the  Cal- 
ifornia floristic  province.  Whereas  2.441  species 
arc  in  the  Sonoran  Desert,  the  California  floristic 
province  has  4.452.  Of  these.  650  species 
(26.6%)  are  endemic  to  the  Sonoran  province. 
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Figure  3.  Thermal  relations  of  representative  stations  in  the  North  American  deserts,  plotted  in  a  Bailey  nomogram  (Bailey 
I960,  1971).  Recall  that  the  radians  represent  a  measure  of  warmth  of  climate  and  indicate  the  number  of  days  (</)  in  the  year 
in  which  the  mean  temperature  rises  above  the  stipulated  level.  The  arcs  provide  a  measure  of  the  temperateness  or  equability 
of  climate  and  indicate  departure  from  an  ideal  mean  temperature  of  14  C  and  a  mean  annual  range  of  0  C.  (Data  from 
U.S.  Dept.  Commerce.) 


but  2,125  species  (47.7%)  are  restricted  to  the  and  temperatures  are  not  so  extreme  as  in  the 

California  floristic  province.  The  richest  part  of  lowlands. 

the  Sonoran  Desert  is  up  in  mountains  and  on  The  desert  flora  is  regarded  here  as  the  cul- 

the  upper  bajada  slopes  where  moisture  is  higher  mination  of  the  development  of  a  truly  arid 


AXELROD:  AGE  AND  ORIGIN  OF  SONORAN  DESERT  VEGETATION 


PRESENT      LINKS      ACROSS      THE      DESERT 


CHAPARRAL 

Arctostaphylos  pringleii 
Arctostaphylos     pungens 
Ceanothus     greggii 
Cercis     occidentalis 
Cercocarpus     montanus 
Fremontodendron     californicum 
Garrya     flavescens 
Quercus     dunnii 
Quercus     turbinella 
Rhamnus     californica 
Rhamnus     ilicifolia 
Rhus     ovata 
Rhus     trilobata 


Figure  4.  The  occurrence  of  13  woody  species  that  contribute  to  the  disjunct  chaparral  vegetation  of  California  and  Arizona 
demands  an  earlier  continuum  across  the  area  presently  desert.  (CH  =  Chihuahuan;  GB  =  Great  Basin;  M  =  Mohave;  S  = 
Sonoran.) 


adaptive  zone  which  developed  gradually  during 
the  Late  Cretaceous  and  Tertiary.  The  spreading 
dry  belt  in  which  drought  has  been  increasing  is 
a  zone  into  which  species  have  moved  and 
evolved  continuously  for  over  80  million  years. 
Most  were  not  able  to  adapt  to  the  progressively 
more  severe  conditions.  They  have  either  be- 
come extinct  in  the  northern  hemisphere  (e.g., 
Araucaria).  or  their  descendants  (e.g.,  Persea. 
Quercus,  Thouinio)  now  live  in  moister  regions, 
in  derived  dry  tropic  forest  or  in  oak  woodland 
vegetation.  Although  the  richest  part  of  the  So- 
noran flora  is  now  up  in  the  desert  ranges,  the 
low  desert  is  now  almost  a  "'vacuum"  so  far  as 
plants  are  concerned,  which  is  consistent  with 
the  low  diversity  of  its  flora. 


Present  Links  Across  The  Desert 

The  area  of  the  Sonoran  Desert  is  bordered 
now  by  different  kinds  of  vegetation,  notably 
grassland,  sage,  oak-juniper  uoodland.  and 
thorn  forest.  Clements  (1936)  noted  that  the  taxa 
of  these  vegetation  zones,  and  at  times  the  zones 
themselves,  have  relict  occurrences  up  in  the 
desert  ranges  where  moisture  is  greater  and  tem- 
perature more  moderate.  He  effectively  used 
this  relation  to  show  that  the  origin  of  the  Col- 
oradan  sector  of  the  Sonoran  Desert  is  related 
to  the  disappearance  of  grass  dominants  from 
the  region  of  desiccation.  In  particular  he  noted 
that  grasses  and  associated  forhs  that  are  now 
dominant  or  subdominant  in  grasslands  on  both 
sides  of  the  Mohave-Coloradan  deserts  occur  at 
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Table  I.  Similar  and  Related  Woody  Species  in  the 
Woodland  and  Chaparral  of  Southern  California 
and  Central  Arizona. 


Table  1.   Continued. 


Califomian  taxa 


Arizonan  taxa 


Pinaceae 


Pinus  monophylla 


P.  monophylla; 
edulis ;  cembroides 


Cupressaceae 

Cupressus  nevadensis 

C  arizonica 

Juniperus  californku 

J.  osteosperma 

Agavaceae 

Nolina  hi^eknii 

N.  bigelovii 

Nolinu  parryii 

N .  parryii 

Yucca  hrevifolia 

Y.  hrevifolia 

Yucca  schidigera 

Salicaceae 

Y.  schidigera 

Populus  fremontii 

P.  fremontii 

Sali.x  gooddingii 

S.  gooddingii 

Salix  lasiolepis 

S.  lasiolepis 

Sali.x  laevigata 

Betulaceae 

S.  laevigata 

Alnus  rhombifolia 

Fagaceae 

A.  oblongifolia 

Quercus  chrysolepis 

Q.  chrysolepis 

Quercus  dunnii  (=palrr 

eri) 

Q.  dunnii  (=palmeri) 

Quercus  engelmannii 

Q.  oblongifolia 

Quercus  turbinella 

Q.  turbinella 

Quercus  wislizenii 

Moraceae 

Q.  emoryii 

Celtis  reticulata 

C.  reticulata 

Berberidaceae 

Mahonia  dictyola 

M.  wilcoxii 

Mahonia  fremontii 

M.  fremontii 

Saxifragaceae 

Fendlerella  ulahensis 

F.  utahensis 

Rihes  (juercetorum 

R.  quercetorum 

Crossosomataceae 

Crussosoma  higelovii 

Rosaceae 

C.  bigelovii 

Amelanchier  florida 

A.  oreophila 

Cercocarpus  heluloides 

C.  montanus 

Cercocarpus  ledifolius 

C.  ledifolius 

Chamuehatiaria  millefolium 

C.  millefolium 

Cowania  me.xicanum 

C.  me.xicanum 

Holodiscus  glabrescens 

H.  dumosus 

Prunus  fasciculata 

P.  fasciculata 

Purshia  tridentata 

P.  tridentata 

Caesalpiniaceae 

Cercis  occidentalis 

C.  occidentalis 

Fabaceae 
Amorpha  californica  A.  californica 

Rutaceae 
Ptelea  trifoliata  P.  angustifolia 


Californian  taxa 


Arizonan  taxa 


Rhus  glabra 
Rhus  ovuta 
Rhus  trilohata 


Anacardiaceae 

R.  glabra 
R.  ovata 
R.  trilobata 


Aceraceae 

A.  negundo 
Rhamnaceae 

C.  greggii 
C.  integerrimus 
C.  lycioides 
R.  ursina 
R.  crocea 
R.  ilicifolia 

Sterculiaceae 
Fremontodendron  californicum  F.  californicum 

Ericaceae 


Acer  negundo 

Ceanothus  greggii 
Ceanothus  integerrimus 
Condalia  lycioides 
Rhamnus  californica 
Rhamnus  crocea 
Rhamnus  ilicifolia 


Arbutus  menziesii 
Arctostaphylos  pringleii 
Arctostaphylos  pungens 

Forestiera  neomexicana 
Fra.xinus  anomala 
Fra.xinus  velutina 


Oleaceae 


A.  arizonica 
A.  pringleii 
A.  pungens 

F.  neomexicana 
F.  anomala 
F.  velutina 


Lycium  andersonii 
Lycium  californicum 
Lycium  pallidum 

Chilopsis  linearis 


Lonicera  interrupta 
Sambucus  mexicana 


Hydrophyllaceae 
Eriodictyon  californicum  E.  angustifolium 

Solanaceae 

L.  andersonii 
L.  californicum 
L.  pallidum 

Bignoniaceae 

C .  linearis 
Caprifoliaceae 

L.  interrupta 
S.  me.xicana 
Symphoricarpos  longiflorus  S.  longiflorus 

Cucurbitaceae 
Cucurbita  foetidissirna  C.  foetidissima 

Cucurbita  palmata  C.  palmata 


moderate  levels  in  the  mountains  of  the  present 
desert.  The  rainfall  requirements  of  grassland 
suggest  that  patches  probably  extended  across 
the  present  desert  region  when  the  effective 
yearly  rainfall  over  the  lowlands  was  about  250- 
300  mm  ( 10-12  inches).  Clements  also  noted  that 
woodland  and  associated  chaparral  taxa  now 
have  similar  or  related  taxa  on  opposite  sides  of 
the  present  desert,  implying  continuity  over  the 
area  at  a  time  when  rainfall  was  near  500  mm 
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THE      DESERT 


Heteromeles    ar 
Laurocerasus    lyoni 
Populus    fremont 
Rhus    laurina 


SAN      JU 


Celtis    pallida 
Celtis    reticulata 
Coiubrina    glabra 
Condalia    obtusifolia 
Dodonaea    angustifolia 
Fraxinus    velutina 
Populus     fremontii 
Quercus    grisea 
Rhus    microphylla 
Sageretia    wrightii 
Sapium    biloculare 
Vauquelinia     angustifolia 


Figure  5.     Many  species  in  San  Jiilio  Canyon  in  mountainous  central  Baja  California  are  largely  disjunct  either  to  southern 
Arizona  or  to  southern  California.  Their  present  intermingling  at  San  Jiilio  parallels  the  composition  of  Neogene  floras. 


(20  inches)  at  a  minimum,  and  when  tempera- 
tures were  much  milder.  Clements  pointed  out 
that  if  a  sustained  trend  toward  increased  pre- 
cipitation were  to  commence,  these  vegetation 
zones  would  successively  move  down  from  the 
surrounding  mountains  and  plains  out  onto  the 
present  desert  area. 

However,  it  is  apparent  now  from  the  late 
Pleistocene  record  of  woodrat  middens  re- 
covered at  numerous  localities  {see  Wells  1976b) 
that  juniper-pinon  woodland  inhabited  the 
southern  Mohave  lowlands  (Wells  and  Jorgen- 
sen  1964;  Wells  and  Berger  1967;  T.  J.  King,  Jr. 
1976).  that  oak-conifer  woodland  covered  much 
of  the  Sonoran  Desert  in  Arizona  (van  Devender 
and  King  1971;  Lanner  and  van  Devender  1974; 
van  Devender  1976).  and  also  the  northern  Chi- 
huahuan  Desert  (Wells  1966,  1976a;  van  Deven- 
der et  al.   1976).  Since  woodland  covered  the 


present  desert  area  as  recently  as  10,000-12,000 
years  ago.  it  is  understandable  that  the  taxa  that 
now  border  the  desert  often  have  relict  occur- 
rences up  in  the  desert  ranges,  having  retreated 
into  the  mountains  as  precipitation  decreased 
following  the  last  major  pluvial.  The  absence  of 
regional  grassland  is  implied  also  by  the  pollen 
record,  though  grasses  were  present.  These 
were  dispersed  in  openings  of  the  formerly  more 
continuous  woodland,  and  persisted  in  sites  be- 
low the  present  woodlands  and  as  local  patches 
in  moister  sites  in  the  desert.  The  grassland  that 
now  covers  the  slopes  above  the  desert  in  west- 
ern Arizona  appears  to  be  a  vegetation  type  of 
post-Wisconsin  age.  formed  by  the  increase  and 
spread  of  grasses  as  the  woodland  retreated  to 
higher,  moister  levels. 

Among  the  links  that  are  in  the  chaparral  of 
southern  California  and  in  central  Arizona  from 
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Tabi  fc  2.    Transads  Across  the  Simiarid  Parts  of  North  AMhRicA  that  Indicate  Past  Links  Across  the  Area 
Now  Desert. 


Arizona- 

Eastern 

Western 

Baja 

Taxa 

California 

Texas 

Mexico 

Mexico 

California 

Pinus 

subsect.  Cembroides 
monophyllu 
quadrifolia 
*  (cembroides) 

edulis 

cembroides 
cembroides 
nelsonii 

cembroides 

cembroides 

Platanus 

racemose! 

wrightii 

racemosa 

racemosa 

Quenus 

chrysolepis 
dunnii 

chrysolepis 
dunnii 

Chrysolepis 
kedrosensis 

Quercus 

wisUzenii 
*(emoryii) 

emoryii 

emoryii 

Me  via 
^peninsularis 

Quenus 

*(virginiana, 
brundegeii) 

Yusiformis 

virginiana 

'brandegeii 

Populus 

fremontii 
^{piilmerii) 

fremontii- 
arizonica- 
palmerii 

mexicana 

fremontii 

fremontii 

Arbutus 

menziesii 

arizonica 

xalapensis 

xalapensis 

yeninsularis 

Garrya 

flavescens; 

flavescens; 

ovata 

flavescens; 

-salicifolia 

elliptica 

ovata 

laurifolia 

Cercis 

occidenlalis 

occidenlalis 
reniformis 

canadensis 

'  Northern  Baja  California. 
^  Cape  Region  only. 
^  Edwards  Plateau  only. 
*  Fossil  records.  Miocene. 


the  Mogollon  Rim  eastward  to  the  Hualpai 
Mountains  are  a  good  dozen  species  (Fig.  4). 
Some  of  them  still  have  outposts  in  the  desert 
ranges  today,  or  did  in  the  recent  past,  for  in- 
stance Quenus  dunnii  (=palmcri)  in  the  New- 
berry Mountains  south  of  Las  Vegas  (Leskinien. 
1975).  Apart  from  the  taxa  that  are  confined  pri- 
marily to  chaparral,  there  are  a  number  of  ad- 
ditional identical  and  related  species  in  the  bor- 
dering woodland  of  each  region  that  also 
indicate  links  across  the  desert  in  the  past;  the 
entire  group  is  listed  in  Table  1.  In  addition, 
Clements  noted  that  a  number  of  transads  now 
link  woodland  vegetation  in  different  parts  of  the 
western  United  States  and  Mexico,  implying  a 
greater  extent  for  their  precursors  at  times  of 
higher  rainfall,  before  there  was  a  regional  des- 
ert climate.  Although  some  of  his  groupings  are 
too  broad  and  unnatural  for  acceptance  today, 
there  are  a  number  of  examples  of  related 
species  that  are  now  widely  separated  by  the 
desert  and  live  under  different  climatic  regimes 
(Table  2).  The  distribution  of  these  clusters  of 
related  species  implies  continuity  of  an  ancestral 


alliance  over  the  region  by  the  late  Eocene-Oli- 
gocene  because  some  of  them  (Pinus  cf.  cem- 
broides: Quercus  cf.  brandegeii)  were  already 
present  then.  Of  special  interest  is  the  fact  that 
some  of  the  taxa — notably  the  oaks — have  fossil 
records  in  California  but  their  nearest  descen- 
dants are  no  longer  there,  being  confined  now 
to  regions  with  summer  rainfall. 

Apart  from  the  ties  between  California  and 
Arizona  woodland-chaparral  vegetation,  there 
are  taxa  in  coastal  southern  California  that  occur 
in  the  mountains  of  central  Baja  California,  as- 
sociated there  with  trees  and  shrubs  that  are 
now  in  southern  Arizona  (Fig.  5).  They  point  to 
connections  in  the  past,  at  a  time  when  precip- 
itation was  at  least  380  mm  (15  inches)  higher 
than  at  present,  and  when  temperatures  were 
more  moderate.  Furthermore,  there  are  taxa  in 
the  California  insular  and  coastal  woodland  that 
are  closely  allied  to  those  now  in  the  woodland 
of  central  Mexico  (Fig.  6).  They  also  imply  that 
there  were  earlier  connections  across  the  area 
of  the  present  desert,  probably  at  a  time  when 
rainfall  was  near  635-760  mm  (25-30  inches)  at 
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PRESENT      LINKS      ACROSS      THE      DESERT 


ALLIED       LIVING      SPECIES 


Calif.     Insular 
Pinus    remorata 
Pinus    torreyana 
Ceanothus    arboreus 
Ceanothus     Insularis 
Cercocarpus    traskiae 
Comarostaphylis 

diversifolius 
Vaccinium     ovatum 


Mexico      Montane 

P.  oocarpa 

P.  oxacana 

C.  coerulus 

C.  lanuglnosus 

C.  mojadensis 

C.  many    spp. 

V.  confertum 


Figure  6.     Some  unique  taxa  in  the  insular  and  maritime  flora  of  southern  California  have  their  nearest  allies  in  the  Sierra 
Madre  of  Mexico,  indicating  a  former  continuum  between  these  areas  now  isolated  by  desert  climate. 


a  minimum,  and  when  temperatures  were  mod- 
erate (see  below). 

These  additional  data  lead  to  the  inescapable 
conclusion  reached  earlier  by  Clements  (1936): 
the  area  of  the  present  desert  was  subject  to  a 
progressive  trend  toward  gradual  desiccation 
during  the  Tertiary,  changing  gradually  from  a 
well-watered  area  to  the  present  region  of  ex- 
treme drought.  The  emergence  of  the  desert  as 
a  broad  regional  environment  is  clearly  an  event 
of  the  latest  Cenozoic. 

PALEOENVIRONMENTS  OF  THE 
SONORAN  DESERT  REGION 

Earlier  analyses  of  the  fossil  floras  known 
from  areas  in  or  marginal  to  the  present  Sonoran 
Desert  have  revealed  that  /)  forests  and  savan- 
nas dominated  over  the  region  into  the  early 
Eocene,  2)  woodland  and  thorn  scrub  had  ap- 
peared by  the  middle  Eocene,  3)  semidesert 
tracts  evidently  were  present  in  local  edaphic 
sites  and  restricted  rainshadows  and  dry  valleys 
in  the  Oligocene  and  Miocene,  though  the  taxa 


also  contributed  then  to  grassland,  short-tree 
forest,  woodland,  and  thorn  scrub,  4)  the  semi- 
desert  taxa  were  preadapted  both  in  form  and 
function  to  the  secular  trend  to  increased  aridity, 
and  5)  the  present  desert  vegetation  only  ap- 
peared as  a  broad  regional  environment  in  post- 
Pleistocene  time  (Axelrod  1950d,  1958). 

The  notion  that  regional  desert  environments 
developed  gradually  and  are  comparatively  new 
has  not  been  accepted  by  most  investigators. 
They  argue  that  desert  vegetation  is  of  ancient 
origin  and,  by  their  inference,  presumably  oc- 
cupied wide  tracts  throughout  angiosperm  his- 
tory. They  appear  to  hold  this  opinion  chiefly 
because  the  unique  adaptive  types  and  morpho- 
logic novelties,  which  no  doubt  originated  early, 
appear  to  give  these  floras  the  aspect  of  great 
age:  since  they  live  in  deserts,  deserts  must  be 
ancient.  However,  this  view  does  not  take  into 
account  that  the  distinctive  adaptive  types  and 
most  of  the  unique  genera  of  the  desert  also  con- 
tribute to  vegetation  zones  that  border  the  des- 
ert. Hence,  these  taxa  need  not  indicate  antiq- 
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Figure  7.     Reconstruction  of  the  Pacific  coastal  sector  of  Greater  California  before  rifting,  after  Gastil  and  Jensky  (1973). 


uity  for  regional  desert  climate,  but  rather  an 
origin  in  dry  sites  and  an  ability  to  adapt  to  in- 
creasing and  spreading  drought,  and  to  radiate 
with  it  later  in  their  history. 

This  is  consistent  with  evidence  that  Fou- 
quieria  is  not  confined  to  desert  regions,  but 
ranges  into  more  mesic  vegetation  belts  in  cen- 
tral Mexico  (Hendrickson  1972),  including  dry 
tropic  forest  where  annual  rainfall  totals  1,000 
mm  (40  inches).  Furthermore,  Beaucarnea  and 
Yucca  (arborescent)  are  other  unique  adaptive 
types  that  range  from  the  desert  into  dry  tropic 
forest  in  the  former  case,  and  into  oak-juniper 
woodland  in  the  latter.  Canotia  is  another  dis- 
tinctive isolate  in  its  family  (Celastraceae)  that 
ranges  up  into  the  woodland  belt,  as  do  palms 


(Brahea.  Sahal,  Washingtonia)  and  numerous 
arborescent  cacti  {Lemaireocereus,  Pachycere- 
us)  which  contribute  to  thorn  forest  and  dry 
tropic  forest.  This  is  paralleled  by  Welwitschia, 
long  regarded  as  an  indicator  of  the  antiquity  of 
desert  environment  in  South  Africa.  Typical 
desert  adaptations  (e.g.,  thick  cuticle,  deeply 
sunken  stomata,  small  or  reduced  leaves,  leaves 
often  rolled  or  deciduous)  are  not  present  in 
Welwitschia.  Actually  it  has  the  longest-lived 
leaves  of  any  plant,  as  well  as  an  enormous  sur- 
face area  (Bornman  1972.  1974;  Bornman  et  al. 
1972).  Germination  is  controlled  by  an  inhibitor 
which  is  only  leached  by  sufficient  rain.  Young 
plants  are  most  abundant  not  in  the  desert,  but 
in  wetter  regions  to  the  north.  Welwitschia  has 
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acquired  crassulacean  acid  metabolism  or  CAM 
photosynthesis,  a  secondary  characteristic 
adapting  it  to  increasing  aridity  (Bornman  1977). 
(CAM  photosynthesis  involves  the  nocturnal 
opening  of  stomata  and  uptake  of  CO2  and  re- 
sults in  a  greatly  enhanced  water-use  efficiency.) 
Many  succulent  plants  that  inhabit  arid  areas 
also  have  CAM  photosynthesis.  Bornman  con- 
cludes that  Welnitschia  probably  originated  in 
a  subtropical  climate,  that  it  adapted  to  increas- 
ing and  spreading  aridity,  and  that  the  Namib 
Desert  is  not  ancient,  but  youthful.  In  this  re- 
gard, Krystofovich  (1954)  pointed  out  that  if  the 
report  of  Welnitschia  pollen  (Chiguryaev  1951) 
in  the  Eocene  of  Kazakhstan  is  confirmed,  it 
would  indicate  that  the  taxon  did  not  migrate  to 
Kazakhstan  from  southwestern  Africa,  but  rath- 
er that  it  has  found  its  last  refuge  there.  This 
interpretation  is  consistent  with  a  recent  analy- 
sis of  the  history  of  African  vegetation  during 
the  Late  Cretaceous  and  Tertiary  (Axelrod  and 
Raven  1977). 

On  this  basis,  the  plants  which  were  adapted 
to  seasonally  dry  climates  in  border-tropical  and 
tropical  regions  have  been  evolving  continu- 
ously in  local  dry  areas  from  the  Late  Creta- 
ceous down  to  the  present  (see  Axelrod  1958:fig. 
i  2).  As  these  local  sites  became  progressively 
drier  they  represented  the  loci  for  the  continuing 
origin  of  new  taxa  adapted  to  the  ever-drier  cli- 
mates that  spread  over  the  lowlands  (Axelrod 
1967:fig.l).  This  leads  to  the  conclusion  that  the 
present  area  of  the  Sonoran  Desert  has  been 
amassing  taxa  which  were  adapted  to  the  drier 
climates  that  spread  over  the  region.  Those  that 
originated  in  the  Cretaceous,  or  the  Eocene,  or 
later,  were  preadapted  to  the  increasingly  drier 
conditions  that  spread  over  the  region  and  have 
persisted  there  with  little  or  only  moderate 
change.  As  the  trend  to  aridity  increased,  dry 
tracts  spread  and  coalesced  into  a  regional  des- 
ert only  during  the  interglacial  ages,  and  espe- 
cially after  the  last  glacial.  The  evidence  that 
supports  this  conclusion  is  based  on  the  geologic 
history  of  the  region,  which  not  only  includes  its 
changing  spatial  and  structural  features,  but  also 
the  evidence  of  environment  provided  by  the 
sediments,  and  by  the  fossil  plants  and  verte- 
brates that  are  preserved  in  them. 

Geologic  Setting 

The  geologic  history  of  the  Sonoran  province 
provides  critical  evidence  for  inteipreting  the 


age  and  origin  of  desert  vegetation.  The  data 
involve  a)  the  shifting  spatial  relations  of  the 
coastal  strip  west  of  the  San  Andreas  fault  sys- 
tem, with  the  northward  displacement  of  fossil 
floras  from  more  southerly  areas  where  they 
originally  lived,  h)  the  evidence  of  environments 
under  which  the  sedimentary  rocks  associated 
with  the  fossil  floras  were  formed,  and  c)  the 
age  of  the  development  of  the  high  relief  in  the 
area  today. 

Baja  California-Gulf  Province 

The  California  batholith  of  mid-Cretaceous 
age  and  allied  metamorphic  rocks  extend  south- 
ward to  form  the  basement  of  Baja  California, 
southwestern  Arizona,  northwestern  Sonora, 
and  the  coast  of  mainland  Mexico  southward 
into  Jalisco.  The  Gulf  of  California,  which  now 
bisects  this  crystalline  belt  longitudinally,  is 
sliced  by  several  major  transform  faults.  As  out- 
lined in  recent  critical  papers  (Gastil  and  Jensky 
1973;  Gastil  and  Krummenacher  1977;  Gastil, 
Phillips,  and  Rodriquez-Torres  1972),  in  mid- 
Cretaceous  time  Alta  and  Baja  California  south 
of  the  Transverse  Ranges  lay  against  the  present 
east  coast  of  the  Gulf  of  California  between 
Guaymas  and  Cabo  Corrientes,  northern  Jalis- 
co. The  Salinia-West  Franciscan-Transverse- 
Orocopia-Tiburon  blocks  lay  along  Sonora  and 
southeast  California  between  the  Tehachapi 
Mountains  and  Guaymas  (Fig.  7).  Active  sub- 
duction  in  the  mid-Cretaceous  resulted  in  an- 
desitic  volcanism  along  a  belt  extending  south- 
ward through  southern  Arizona,  the  states  of 
Sonora,  Baja  California,  and  Sinaloa.  accom- 
panied by  deeper  granitic  plutonism.  The  vol- 
canic belt  marked  the  western  edge  of  the  epi- 
continental sea  which  opened  into  the  Atlantic. 

As  the  positions  of  the  Pacific  spreading  cen- 
ters changed,  subduction  became  localized  and 
strike-slip  motion  was  initiated.  Evidence  of 
movement  is  provided  by  the  exotic  clasts  in  the 
Cretaceous-Eocene-Oligocene  conglomerates 
of  southern  California,  derived  apparently  from 
source  areas  in  Sonora  and  southern  Arizona 
(Merriam  1968;  Woodford,  Welday,  and  Mer- 
riam  1968;  Sage  1973;  Doyle  and  Gorsline  1977). 
Minch  (1971)  showed  that  the  streams  that 
flowed  westerly  in  both  Sonora  and  the  Penin- 
sular Ranges  fix  the  relations  of  the  source  and 
depositional  areas  and  suggest  rifting  of  up  to 
300-350  km  northwest  from  the  Mexican  main- 
land. This  interpretation  is  consistent  with  the 
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Figure  8.     Diagrammatic  representation  of  the  history  of  the  Gulf  and  Peninsula  of  Baja  California,  after  Karig  and  Jensky 
(1972). 


late  Mesozoic  reconstruction  of  the  blocks  of 
the  San  Andreas  rift  zone  as  restored  by  Gastil 
and  his  associates  ( 1972.  1973.  1977).  and  shown 
in  Figure  7.  Abbott  and  Smith  ( 1978)  add  further 
convincing  evidence. 

Peninsular  California  first  separated  from  con- 
tinental Mexico  in  the  middle  Miocene,  opening 
a  shallow  proto-Gulf  of  California  (Karig  and 
Jensky  1972;  Christiansen  and  Lipman  1972; 
Moore  1973;  Smith  1976).  To  the  northwest. 
Peninsular  California  collided  with  and  under- 
thrust  the  more  northerly  blocks,  producing  the 
transverse  structures.  Middle  Tertiary  deposits 
filled  the  early  depressions  of  the  southern  Gulf 


and  southern  peninsular  region.  In  late  Tertiary 
time,  all  of  mobile  California  moved  northwest, 
producing  the  modern  San  Andreas  fault  and  the 
deep  basins  of  the  Gulf  of  California. 

Karig  and  Jensky  ( 1972)  note  that  the  geology 
of  the  Gulf  of  California  and  the  bordering  areas 
to  the  east  and  west  indicates  that  a  trench,  an 
andesite  chain,  and  an  ignimbrite  province  co- 
existed in  the  middle  to  late  Tertiary  in  a  tec- 
tonic pattern  similar  to  that  observed  in  other 
trench-arc  systems.  Extension  and  formation  of 
the  broad  tectono-rift  zone  of  the  proto-Gulf  of 
California  occurred  in  mid  to  late  Miocene  time, 
creating  a  zone  of  weakness  subsequently  used 
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for  Strike-slip  faulting  and  interplate  extension. 
The  model  reconstructed  by  Karig  and  Jensky 
(1972)  is  reproduced  here  (Fig.  8)  and  agrees 
with  that  of  Moore  (1973)  and  Smith  (1976).  Baja 
California  was  about  300  km  to  the  southeast, 
lying  along  the  present  coast  of  Sonora-Sinaloa- 
Nayarit  and  with  the  Cape  Region  tucked  into 
the  present  bulge  of  northern  Jalisco  (also  see 
Hamilton  1961;  Rusnak.  Fisher,  and  Shepard 
1953).  The  Gulf  of  California  is  a  pull-apart  fea- 
ture caused  chiefly  by  Pliocene  strike-slip  dis- 
placement plus  sea-floor  spreading  which  adds 
up  to  160  km  (100  miles)  of  cross-strike  sepa- 
ration of  the  continental  plate,  and  with  subcon- 
tinental magma  having  welled  up  into  the  rift 
during  the  late  Pliocene  (since  4  m.y.). 

Thus,  the  development  of  the  area  chiefly  in- 
volves events  of  the  last  15-odd  million  years, 
starting  with  a  simple  marginal  trench-arc  sys- 
tem along  the  west  coast  of  Mexico  (Fig.  8a).  A 
volcanic  chain  near  the  future  site  of  the  proto- 
Gulf  spread  andesitic  and  basaltic  debris  west- 
ward into  Baja  California  and  eastward  into  So- 
nora.  Sinaloa.  and  Nayarit.  The  first  sign  of 
change  is  correlated  with  the  eruption  of  ignim- 
brite  (ash-flow)  sheets  in  the  Sierra  Madre  from 
centers  close  to.  but  east  of.  the  andesite  cen- 
ters. Major  extension  probably  began  near  the 
end  of  the  main  ignimbrite  eruptions,  between 
10  to  15  m.y.  ago  (Fig.  8b).  Up  to  this  time,  the 
area  was  one  of  relatively  low  relief  as  shown 
by  the  widespread  ignimbrites.  though  there  was 
a  chain  of  volcanism  down  the  eastern  penin- 
sular axis.  The  duration  of  extension  within  the 
proto-Gulf  is  inferred  to  have  been  from  Mio- 
cene into  early  Pliocene,  with  faulting  producing 
low  ranges  (Fig.  8c).  Cessation  of  spreading  in 
the  Pliocene  is  suggested  by  small-scale  faulting 
in  the  onshore  and  offshore  sediments  of  this 
age.  and  by  the  rapid  change  in  sediment  thick- 
ness near  the  center  of  the  Gulf  where  younger 
tectonic  features  were  activated. 

From  about  7  m.y.  to  4  m.y.  ago.  there  was 
little  or  no  extension  in  the  Gulf,  and  up  to  sev- 
eral km  of  marine  sediments  accumulated  there. 
There  probably  was  strike-slip  faulting  within 
the  Gulf  along  faults  more  nearly  parallel  to  the 
peninsula  than  are  those  presently  active  (Fig. 
8c).  Motion  on  the  southern  California  segments 
of  the  San  Andreas  fault  zone  since  10-12  m.y. 
is  postulated  to  total  260-280  km  (Crowell  1975). 
and  it  may  be  300  km  (Howell  1975;  Matthews 
1976;  Sage  1973).  During  the  past  4  m.y.  the 


history  of  the  southern  Gulf  has  been  one  of 
further  interplate  extension  (Fig.  8d).  This  was 
accompanied  by  major  uplift  of  the  peninsula 
and  the  appearance  of  a  drier  climate  within  the 
Gulf  and  its  margins. 

Peninsular  Ranges 

The  area  of  crystalline  basement  from  the  San 
Jacinto  Mountains  southward  through  the  Agua 
Tibia  and  Cuyamaca  mountains  into  the  Sierra 
Juarez  and  Sierra  San  Pedro  Martir  of  northern 
Baja  California  is  sliced  by  major  faults  that 
have  important  vertical  as  well  as  lateral  com- 
ponents of  movement  (Jahns  1954;  Gastil.  Phil- 
lips, and  Allison  1975).  Although  the  absence  of 
Neogene  marine  sedimentary  rocks  from  most 
of  the  area  indicates  that  the  region  was  above 
sea  level,  structural  and  geomorphic  evidence 
imply  that  much  of  its  present  elevation  is  quite 
recent.  This  has  been  inferred  from  the  dis- 
placed young  basalts  in  the  hills  west  of  the  El- 
sinore  fault  near  Murrietta-Temecula  (Jahns 
1954:fig.  10).  and  from  the  highly  deformed 
Mount  Eden  (8-7  m.y.)  and  Bautista  (2-1.5 
m.y.)  formations  in  the  San  Jacinto  Mountains. 
In  addition,  there  are  thick,  folded  and  faulted 
fanglomerates  (Canebrake,  Palm  Springs,  Oco- 
tillo  formations)  of  Pliocene  and  Pleistocene  age 
along  the  front  of  the  Santa  Rosa  Mountains 
southward  through  the  Anza-Borrego  Desert  re- 
gion (Jahns  1954:fig.  8).  Since  the  Miocene  and 
older  Pliocene  rocks  of  the  same  area  are  finer 
grained  for  the  most  part  (see  Dibblee  I954:fig. 
2;  Sylvester  and  Smith  1976:fig.  3),  uplift  in  the 
later  Pliocene  and  Pleistocene  is  implied.  To  the 
south  in  northern  Baja  California.  Gastil.  Phil- 
lips, and  Allison  (1975)  present  convincing  evi- 
dence (especially  Chap.  8.  pis.  4,  6)  for  the  late 
Pliocene  and  Pleistocene  deformation  and  uplift 
of  the  extensive  Cretaceous  peneplaned  bedrock 
surface,  with  its  low  relief  and  thin  veneer  of 
sedimentary  and  volcanic  rocks. 

Transverse  Ranges 

Recent  detailed  geologic  studies  in  southern 
California  have  provided  additional  evidence 
that  the  Transverse  Ranges  arc  the  result  of  very 
young  uplifts  accompanied  by  severe  deforma- 
tion (Dibblee  1968.  1975;  Jahns  1973;  Crowell 
1973,  1975).  The  Plio-Pleistocene  sedimentary 
units  throughout  the  entire  region  of  the  Trans- 
verse Ranges  are  folded,  faulted,  and  now  ele- 
vated, a  deformation  that  was  captioned  the 
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"Pasadenan  Orogeny"  (Reed  and  Hollister 
1936).  During  the  middle  Tertiary  and  earlier, 
southern  California  was  dominated  by  east- 
west-trending  structural  basins  bounded  by  nor- 
mal faults.  vStudies  of  the  sedimentary  sequences 
in  these  basins  show  that  the  coarse  clasts  were 
transported  westward  from  the  interior  (Bohan- 
non  1975;  Minch  1971;  Woodford,  Welday,  and 
Merriam  1968).  Subsequent  right-slip  move- 
ments on  the  San  Andreas  and  San  Gabriel  faults 
have  displaced  the  structural  basins  and  their 
sedimentary  sections  to  their  present  positions. 
That  the  westward  transport  of  sediment  from 
the  interior  ceased  recently  is  now  clear  from 
studies  along  the  desert  slopes  of  the  Transverse 
Ranges. 

Woodburne  (1975)  notes  that  formations  of 
diverse  ages  in  the  area  from  western  Antelope 
Valley  at  the  west  corner  of  the  Mohave  Desert 
southward  to  Cajon  Valley  had  westward-flow- 
ing drainage  systems  during  most  of  the  Ter- 
tiary. The  trend  ceased  only  after  the  San  Ga- 
briel and  San  Bernardino  mountains  were 
uplifted  in  the  late  Pliocene,  though  local  epi- 
sodes of  uplift  may  have  temporarily  interrupted 
formerly  through-going  drainage  systems  prior 
to  Hemphillian  time  (5-8  m.y.).  In  the  San  Ber- 
nardino Mountains,  the  Mill  Creek  beds  (  =  Po- 
tato  Sandstone)  of  upper  Miocene  age  evidently 
were  deposited  by  west-flowing  streams.  How- 
ever, the  formation  is  now  isolated  from  the  in- 
terior by  the  uplifted  block  of  the  San  Bernar- 
dino Mountains  north  of  the  Mill  Creek  fault  (the 
north  branch  of  the  San  Andreas),  a  block  that 
is  a  part  of  the  Mohave  province  (Dibblee  1975). 
This  block  is  broken  into  several  northward-tilt- 
ed fault  blocks  that  contain  remnants  of  north- 
dipping  Pliocene  (?)  fluviatile  sedimentary  rocks 
(Crowder  Formation,  Santa  Ana  Sandstone),  in- 
dicating that  they  were  laid  down  in  a  valley  that 
probably  drained  coastward  from  the  Mohave 
region  in  the  Pliocene  (Dibblee  1975).  Clearly, 
the  local  relief  in  the  region  was  quite  low  in  the 
Pliocene,  but  at  times  hills  were  present  adjacent 
to  sedimentary  basins  now  aligned  along  the 
major  fault  systems  and  contributed  to  distinctly 
different  elastics  deposits  in  them.  The  broad 
structural  picture  is  thus  the  late  Pliocene  and 
Pleistocene  uplift  of  the  San  Gabriel  and  San 
Bernardino  mountains  blocking  the  previous 
east  to  west  transport  of  clastic  sediments.  The 
elevation  of  the  mountains  brought  a  drier  cli- 
mate, and  also  greater  ranges  and  extremes  of 


temperature,  to  the  interior  area  where  the  des- 
ert presently  occurs. 

Summarizing,  in  California,  movement  on  the 
San  Andreas  fault  system  has  been  about  300 
km  (190  miles)  since  the  late  Miocene  (10-15 
m.y.),  as  judged  from  displaced  volcanic  se- 
quences (Huffman,  Turner,  and  Jack  1973;  Mat- 
thews 1976;  Ehlig,  Ehlert,  and  Crowe  1975;  Jo- 
seph and  Davis  1977),  from  displaced  basins 
(Blake  et  al.  1978).  and  from  unique  plutonic 
rocks  (Ehlert  and  Ehlig  1977;  Farley  and  Ehlig 
1977).  Evidence  also  suggests  that  there  may 
have  been  major  right-slip  in  offshore  southern 
California,  displacing  San  Miguel,  San  Nicolas, 
and  southern  Santa  Cruz  islands  120-160  km 
(75-100  miles)  northwesterly  since  the  middle 
Miocene  (Howell,  Stuart,  Piatt,  and  Hill  1974; 
Abbott  and  Smith,  1978).  Other  segments  of  the 
system,  such  as  the  San  Jacinto,  San  Gabriel, 
and  other  faults,  evidently  have  moved  at  least 
150  km  (Blake  et  al.  1978).  Earlier,  pre-Miocene 
movements  are  recorded  in  Baja  California-Ja- 
lisco (Gastil  and  Jensky  1973)  and  also  in  central 
to  northern  California  (Clarke  and  Nielsen 
1973).  Miocene  sea-floor  spreading  as  well  as 
right-slip  movements  have  displaced  the  Cape 
Region  fully  500  km  (300  miles)  northward  from 
Cabo  Corrientes  (Gastil,  Phillips,  and  Rodri- 
quez-Torres  1972).  This  corresponds  closely 
with  the  results  reached  in  Alta  California.  The 
spatial  relations  as  presently  understood  are  in- 
dicated in  Figures  7,  8,  and  9. 

Vegetation  Sequence 

The  preceding  summary  of  available  geologic 
evidence  provides  a  reliable  basis  for  assessing 
changing  environments  over  the  area  of  the 
present  Sonoran  Desert  from  the  Late  Creta- 
ceous down  to  the  present.  It  is  amply  clear  that 
all  of  the  fossil  floras  in  southern  California  and 
Baja  California  that  lie  west  of  the  San  Andreas 
fault  system  lived  well  south  of  their  present 
areas,  and  that  a  number  of  them  lived  in  areas 
that  now  correspond  to  the  central  part  of  the 
Sonoran  Desert.  A  more  precise  reconstruction 
of  the  positions  of  these  floras  must  await  further 
geologic  studies.  Figure  9  pictorializes  the  dis- 
placement of  about  500  km  since  the  middle 
Miocene,  a  separation  that  places  San  Diego  at 
the  general  latitude  of  Guaymas  (Fig.  7).  The 
estimated  positions  of  the  fossil  floras  are  out- 
lined in  Figure  9.  It  is  therefore  appropriate  to 
consider  the  nature  of  the  changing  environments 
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Figure  9.  Reconstructed  positions  of  fossil  floras  that  lie  west  of  the  San  Andreas  rift  zone.  Maximum  possible  distance 
(500  km)  is  shoun.  Note  that  most  of  the  floras,  which  have  been  transported  north  by  complex  plate  movements,  were  situated 
in  areas  presently  occupied  by  the  Sonoran  Desert  flora  (see  Fig.  10). 
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Figure  10.  Some  Late  Cretaceous  (open  circles)  and  early  Paleogene  (closed  circles)  floras  that  provide  evidence  of  vege- 
tation and  climate.  TS  =  tropic  savanna,  DTF  =  dry  tropic  forest,  TRF  =  temperate  rainforest,  DTF  =  dry  tropic  forest, 
W  =  woodland  and  tropic  scrub,  Dinos  =  large  dinosaurs.  Logs,  identity  not  known  (see  Fig.  9,  for  earlier  positions). 


indicated  by  them  and  by  fossil  floras  elsewhere 
in  the  Sonoran  province  and  its  border  areas, 
for  they  provide  indubitable  evidence  concern- 
ing both  the  age  and  origin  of  desert  vegetation. 
The  location  of  the  Cretaceous  and  older  Paleo- 
gene floras  is  presented  in  Figure  10. 

Cretaceous 

Dry  Tropic  Forest  and  Savanna 

In  southern  California,  leaves  representing  a 
number  of  taxa  have  been  recovered  from  the 
marine  Holz  Shale  Member  of  the  Ladd  For- 
mation, exposed  in  the  central  Santa  Ana  Moun- 
tains. Collected  by  Mr.  and  Mrs.  Frank  Grouard 
and  presented  to  the  Geology  Department, 


Chapman  College,  the  flora  is  from  beds  that 
appear  to  correlate  with  those  that  contain  Tur- 
ritclla  chicocnsis  which  is  of  early  Campanian 
age  (W.  P.  Popenoe  and  L.  Saul,  written 
comm.).  Araucaria,  the  commonest  plant,  is 
represented  by  numerous  branchlets,  cone 
scales,  and  a  cone.  Also  present  are  leaves  of 
the  conifer  Podozamites  and  twigs  that  seem  to 
be  Taxodium.  Ferns  are  represented  by  fronds 
that  are  similar  to  Anemia  and  Osmunda.  Most 
of  the  dicot  leaves  are  relatively  small,  chiefly 
in  the  size  of  microphyll  and  smaller.  They  in- 
clude a  lanceolate  leaf  similar  to  those  of  Quer- 
cus.  a  possible  Salix,  and  Litsea.  Smaller  spec- 
imens of  nanophyll  size  suggest  such  taxa  as 
Fores tiera,  Cercocarpus  and  Tephrosia.  Larger 
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leaves  are  less  common,  but  include  a  complete 
Magnolia  leaf  14  cm  long,  a  fragment  allied  to 
Credneria.  and  a  broken  leaf  of  notophyll  size 
that  may  be  an  araloid.  The  assemblage  suggests 
that  Araucaria,  Ta.xodium,  Magnolia,  and  Cred- 
neria formed  a  dense  forest  along  water  courses, 
and  with  dry  tropic  forest  and  associated  shrubs 
on  well-drained,  drier  slopes.  The  occurrence  of 
deeply  weathered  red  conglomerates  of  non-ma- 
rine origin  in  the  underlying  section  supports  the 
inference  of  a  warm,  dry  season,  probably  in 
winter. 

Records  from  Baja  California  include  twigs  of 
Araucaria  and  Brachyphyllum  in  the  Late  Cre- 
taceous (Campanian)  rocks  on  the  cliffs  above 
La  Mision,  now  situated  about  100  km  south  of 
Tijuana.  In  addition,  a  cone  of  Araucaria  and 
leaves  of  a  laurel,  similar  to  Persea.  and  other 
broadleaved  dicots,  and  large  logs  (13  m  long) 
are  in  the  Late  Cretaceous  (Campanian)  rocks 
near  Rosario  (Kilmer  1963;  Morris  1967;  Schile 
1974).  Remains  of  large  terrestrial  dinosaurs 
(Morris  1967)  also  occur  in  this  area  which  is 
now  in  the  northern  Sonoran  Desert  (Shreve 
1936,  1951).  Farther  south,  large  fossil  logs  are 
reported  in  the  Middle  Cretaceous  (late  Albian- 
Cenomanian)  rocks  of  southern  Baja  California 
(Mina  1956:17-18). 

Lower  Cretaceous  (Aptian-Albian)  rocks  near 
Bisbee,  Arizona,  yield  in  situ  logs  of  Araucaria 
that  are  up  to  one  meter  in  diameter  (Stoyanow 
1949).  They  imply  a  well-watered  tropical  sa- 
vanna climate  with  mild  (equable)  temperature, 
probably  not  greatly  unlike  that  in  southern  Bra- 
zil today.  In  the  nearby  Callubona  basin  of  So- 
nora,  fossil  logs  are  common  in  Upper  Creta- 
ceous rocks,  and  remains  of  a  duckbill  dinosaur 
indicate  permanent  water  bodies  and  ample  pre- 
cipitation (Taliaferro  1933).  On  the  east  side  of 
the  Santa  Rita  Mountains,  southern  Arizona, 
Upper  Cretaceous  rocks  in  Adobe  Canyon  have 
yielded  remains  of  the  large  carnivorous  dino- 
saur Gorgosaurus  (Stoyanow  1949:59).  It  pre- 
sumably preyed  on  animals  that  required  ample 
vegetation  for  food,  and  hence  a  climate  of  ad- 
equate precipitation  is  implied.  These  inferences 
are  consistent  with  the  occurrence  of  a  Late 
Cretaceous  broadleaved  forest,  reportedly  con- 
taining Cinnamomum,  Myrica,  Platanus,  Sahal. 
and  Viburnum  near  Winkleman,  Arizona  (m 
Campbell  1904).  This  locality  is  now  dominated 
by  Carnegie  a,  Cercidium,  Fouquieria,  Ferocac- 
tus,  Larrea,  and  other  typical  members  of  the 


Sonoran  Desert  flora.  The  Late  Cretaceous 
Overton  and  Horsetank  formations  near  Las 
Vegas,  southern  Nevada,  situated  close  to  the 
present  northern  margin  of  the  Sonoran  Desert, 
have  yielded  tree  fern  (Temskya),  cycad,  and 
several  large-leaved  (mesophyll)  dicots  (Read 
and  Brown  1937;  UC  Mus.  Pal.  (University  of 
California,  Museum  of  Paleontology.  Berkeley]). 

Reconstruction  of  the  positions  of  these  Late 
Cretaceous  plants,  as  suggested  by  structural 
evidence  (Hill  and  Dibblee  1953;  Crowell  1962, 
1975;  Gastil  and  Jensky  1973;  Huffman,  Turner, 
and  Jack  1973),  indicates  that  they  lived  in  the 
area  that  now  corresponds  to  the  middle  of  the 
Sonoran  Desert  (Fig.  9).  The  plants  from  the 
Holz  Shale  were  then  situated  near  the  present 
latitude  of  Viscamo  Bay,  and  the  taxa  in  the 
Late  Cretaceous  deposits  at  La  Mision  and  near 
Rosario  were  then  at  the  general  latitude  of  Lor- 
eto-Commondu  in  the  southern  third  of  the  pres- 
ent Sonoran  Desert.  From  a  regional  climatic 
standpoint  this  area  (lat.  25-30'N)  may  certainly 
be  judged  to  have  been  the  driest  part  of  the 
continent  at  any  time  in  the  Late  Cretaceous  or 
early  Tertiary.  The  data  therefore  indicate  that 
the  central  part  of  the  present  Sonoran  Desert 
region  did  not  support  an  ancient  desert  of  broad 
regional  extent;  there  was  sufficient  rainfall  for 
tropic  savanna  and  dry  tropic  forest. 

That  a  large  desert  region  could  not  have  oc- 
cupied northwestern  Mexico  during  the  Creta- 
ceous is  apparent  also  if  one  attempts  to  draw 
a  map  of  isohyets  for  a  regional  desert  (Fig.  1  la), 
a  reconstruction  that  seems  highly  improbable. 
In  the  first  place,  the  gradient  could  not  have 
been  steep — as  required  by  a  regional  desert — 
because  it  would  place  the  Late  Cretaceous  flo- 
ras in  areas  of  less  than  200  mm  (8  inches)  rain- 
fall, yet  they  probably  required  fully  1,140-1,270 
mm  (45-50  inches)  at  a  minimum.  Secondly, 
there  was  only  a  gentle  temperature  gradient 
northward  during  the  Late  Cretaceous  (Low- 
enstam  1963).  as  well  as  in  the  early  Tertiary 
(Frakes  and  Kemp  1973).  Hence,  there  is  no  dy- 
namic climatological  basis  for  assuming  a  large 
region  of  extreme  drought.  Since  the  area  in  the 
latitude  of  central  Baja  California-Sonora  was 
located  under  a  subtropical  high  pressure  sys- 
tem, seasonal  drought  is  indicated.  However,  it 
was  not  a  strong  system  because  the  floras  in- 
dicate conditions  suitable  for  savanna  and  dry 
tropic  forest  (Fig.  lib).  That  somewhat  drier 
tracts  had  local,  highly  restricted  occurrences 
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A.    AN    UNLIKELY    CLIMATIC    RELATIONSHIP 


B.     A     MORE     PROBABLE    INTERPRETATION 


Figure  IL  Interpretations  of  paleoclimate.  A.  Reconstruction  such  as  required  by  adherents  of  a  regional  desert  climate 
in  the  Cretaceous  and  early  Tertiary.  B.  A  more  probable  interpretation  suggests  a  broad  savanna  region  with  local  dry  sites 
in  the  lee  of  low  ranges  and  on  rocky  exposures  with  thin  soil. 


over  the  region  during  the  Late  Cretaceous  can 
scarcely  be  doubted. 

Tertiary 

Tropic  Savanna 

The  Paleocene  Elsinore  flora,  from  the  east 
side  of  the  Santa  Ana  Mountains  in  southern 
California,  reflects  a  wetter  climate  than  that  in- 
dicated by  the  flora  from  the  Holz  Shale  Member 
of  the  Ladd  Formation  29  km  (18  miles)  west. 
The  Elsinore  plants  have  much  larger  leaves, 
ranging  in  size  from  notophyll  to  mesophyll. 
They  appear  to  include  taxa  in  common  with  the 
Raton  flora  of  the  western  interior.  Large  fronds 
of  ferns  are  especially  abundant,  and  the  collec- 
tion also  includes  feather-palm  and  fan-palm. 
The  flora  indicates  ample  rainfall,  probably  in 
the  range  of  1,200-1,500  mm  (50-60  inches)  at 
a  minimum.  A  dry  season  probably  was  present, 
but  not  of  great  intensity  or  duration  to  judge 
from  the  abundant  tree  ferns.  The  inference  of 
high  rainfall  and  intense  leaching  under  warm 
climate  is  supported  by  the  mineralogy  of  the 
Alberhill  Clay  Member  of  the  Silverado  For- 
mation in  which  the  Alberhill  flora  is  preserved 
(Sutherland  1935).  It  is  a  rich  refractory  clay  and 
fine  glass  sand  of  the  type  that  develops  under 
intense  chemical  weathering  in  warm  regions  of 
high  rainfall.  Similar  conditions  are  also  record- 
ed in  the  early  Eocene  of  central  California, 


where  the  lone  Formation  is  composed  of  quartz 
sand,  anauxite-bearing  clays,  and  a  thick  resid- 
ual iron-crust  that  developed  there  (Allen  1929). 
The  Elsinore  flora  (UC  Mus.  Pal.),  which  in- 
dicates a  denser,  richer  vegetation  than  that  rep- 
resented by  the  Late  Cretaceous  flora  of  the 
Holz  Shale,  probably  represents  a  savanna  for- 
est on  a  broad,  well-watered  floodplain  near  the 
coast.  The  flora,  which  lived  near  the  present 
site  of  Viscamo  Bay  during  the  Paleocene,  again 
demonstrates  that  a  regional  desert  (or  arid)  cli- 
mate could  not  have  existed  at  the  latitude  of 
the  present  central  Sonoran  region  at  that  time 
(see  Fig.  9). 

Temperate  Rainforest 

Paleocene  to  early  Oligocene  floras  from  cen- 
tral California  northward  (e.g..  Brown  1962; 
Drugg  1967;  MacGinitie  1941;  Potbury  1935; 
Chaney  and  Sanborn  1933;  Sanborn  1935)  and 
eastward  contain  numerous  plants  allied  to  those 
that  now  contribute  to  the  temperate  rainforest 
(cloud  forest)  and  dry  tropic  forest  of  southern 
Mexico  and  central  America  (Fig.  12),  and  to 
the  similar  forests  of  southern  China.  Taxa  in 
these  floras  that  occur  in  the  temperate  rainfo- 
rest now  in  southern  Mexico  are  distributed 
among  the  following  alliances:  Cycadaceae 
(Dioon,  Zamia);  Arecaceae  (Chamaedorea,  Sa- 
hal);  Fagaceae  (Oreomunnea,  Quercus);  Ulma- 
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PAST       LINKS       ACROSS       THE       DESERT 


Dry     Tropic     Forest 
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Figure  12.  Taxa  in  the  early  Paleogene  floras  of  the  western  United  States  have  their  nearest  allies  in  the  cloud  forest 
(=  temperate  rainforest)  and  dry  tropic  forests  of  Mexico.  They  indicate  past  links  over  the  present  desert  area,  probably  via 
uplands  in  western  Mexico  and  prior  to  the  late  Eocene. 


ceae  {Chaetoptelea);  Moraceae  (Ficus);  Papav- 
eraceae  (Bocconia  [recorded  as  Arlocarpus\)\ 
Menispermaceae  (Hyperhaena);  Magnoliaceae 
(Magnolia);  Lauraceae  (Nectandra.  Persea, 
Ocotea)\  Hamamelidaceae  (Liqiiidamhar);  Pla- 
tanaceae  (Platanus);  Caesalpinaceae  (Cassia); 
Fabaceae  (Dalbergia);  Mimosaceae  (Inga, 
Pithecellobium);  Meliaceae  (Cedrela);  Sapinda- 
ceae  (Allophylliis ,  Cupania);  Rhamnaceae 
(Rhamnidium);  Dilleniaceae  (Tetracera);  Vita- 
ceae  (Cissus);  Myrtaceae  (Calyptranthes);  Bo- 
raginaceae  (Cordia);  Styracaceae  (Sty rax);  Apo- 
cynaceae  (Tabernaemontana) . 


As  judged  from  the  present  requirements  of 
these  plants,  the  fossil  floras  indicate  ample  pre- 
cipitation { +  1 ,500  mm;  +60  inches),  there  prob- 
ably was  a  brief  dry  season  in  the  cooler  months 
and  a  low  range  of  mean  monthly  temperature, 
probably  on  the  order  of  5-8  C  (10-15F)  be- 
tween the  warmest  and  coldest  months.  The  past 
occurrence  of  closely  similar  temperate  rainfo- 
rest taxa  on  opposite  sides  of  the  present  desert 
region  indicates  former  links  across  the  area. 
The  date  of  the  connection  is  uncertain  because 
of  the  lack  of  a  known  fossil  record  in  Mexico. 
However,  the   nature   of  the   Paleocene   and 
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Eocene  floras  of  the  central  and  southern  Rocky 
Mountains  imply  that  any  connections  must 
have  taken  place  prior  to  the  middle  Eocene 
(Axelrod  1939:76-78;  1975:317-320).  The  path- 
v\ay  probably  was  down  the  Sierra  Madre  axis 
in  western  Mexico  because  the  eastern  Sierra 
Madre  had  not  yet  been  elevated  (Schuchert 
1935;  de  Cserna  1960.  1961).  The  western  Cor- 
dillera would  have  received  ample  rain  from  the 
expanded  Gulf  of  Mexico  and  the  Interior  Em- 
bayment.  Thus,  climate  probably  was  favorable 
for  the  continuity  of  rainforest  into  the  Mexican 
uplands  into  the  early  Eocene  and  through  the 
area  now  covered  by  desert,  woodland,  and 
grassland  vegetation,  and  their  respective  cli- 
mates (Fig.  12). 

Previously  known  samples  of  this  forest,  as 
represented  by  the  Paleocene-early  Eocene  flo- 
ras of  the  Rocky  Mountain  province  (Brown 
1962;  MacGinitie  1974;  Leopold  and  MacGinitie 
1972)  and  by  those  from  central  California  north- 
ward, are  supplemented  now  by  a  small  flora 
from  the  Goler  Formation  in  the  western  Mo- 
have Desert.  Taxa  provisionally  identified  in  it 
are  Anemia,  Celastrus.  Comhictum,  Ficus,  Ju- 
glans.  Magnolia,  Myrica,  Parathesis,  Pcrsea. 
Plat  anus,  Sapindus,  and  Symplocos.  Associ- 
ated with  coal  (Fairbanks  1896)  that  accumulat- 
ed in  a  local  swamp,  it  represents  a  broadleaved 
dicot  forest  rich  in  tree  ferns  (Anemia).  The 
leaves  of  most  of  its  species  have  a  size  (noto- 
phyll  and  larger)  like  many  of  those  in  the  Raton. 
Animas,  and  allied  floras  of  the  central  Rocky 
Mountain  province  (Knowlton  1917,  1924; 
Brown  1962).  The  Goler  plants  clearly  indicate 
a  region  of  high  rainfall,  and  red  beds  in  the  basal 
part  of  the  formation  imply  a  dry  season,  prob- 
ably in  winter.  The  moist,  equable  climate  in- 
dicated for  the  area  is  consistent  with  its  position 
on  the  western  slope  of  a  crystalline  upland  re- 
gion inland  from  the  coast,  in  an  area  of  mod- 
erate relief  that  probably  had  an  elevation  on  the 
order  of  305  m  (—  1,000  ft)  above  sea  level. 

Comparison  of  the  moist  forest  climate  indi- 
cated by  the  Goler  flora  with  that  in  the  central 
and  southern  Rocky  Mountains  demonstrates 
that  regional  differences  in  vegetation  and  cli- 
mate were  not  marked,  and  that  the  present  cor- 
dilleran  axis  had  not  yet  been  elevated.  Fur- 
thermore, the  general  similarity  of  the  Goler 
vegetation  to  that  represented  by  the  contem- 
poraneous Elsinore  flora,  which  has  been  trans- 
Dorted  northward  from  the  latitude  of  central 


Baja  California  where  it  originally  lived,  dem- 
onstrates that  widespread  forests  living  under 
adequate  rainfall  characterized  the  present  area 
of  the  Sonoran  and  Mojave  deserts  into  Paleo- 
cene  time. 

Dry  Tropic  Forest 

The  trees  that  contribute  to  this  vegetation 
regularly  are  of  moderate  stature  and  many  of 
the  taxa  drop  their  leaves  in  the  dry  winter  sea- 
son. The  vegetation  grades  southward  into  trop- 
ical savanna,  and  to  the  north  where  rainfall  is 
lower,  it  gives  way  to  a  forest  of  lower  stature, 
termed  short-tree  forest  by  Gentry  (1942)  in  his 
admirable  treatment  of  the  vegetation  of  the  Rio 
Mayo.  As  he  notes,  in  that  area  the  short-tree 
forest  is  composed  of  two  major  associations, 
the  deciduous  uniform  forest  of  the  slopes  and 
the  partially  evergreen  forest  of  the  moister  can- 
yon bottoms  and  arroyo  margins.  The  vegetation 
forms  a  continuous,  unbroken  forest  canopy  that 
is  9-15  m  (30-50  ft)  above  the  ground.  At  lower, 
warmer,  and  drier  levels  short-tree  forest  grades 
into  arid  tropical  thorn  forest,  and  at  higher  el- 
evations it  is  replaced  by  oak  woodland.  As  pre- 
cipitation increases  to  the  south,  it  gives  way  to 
a  tropical  semideciduous  forest  of  richer  com- 
position and  greater  stature,  as  described  nota- 
bly by  Rzedowski  and  McVaugh  (1966). 

As  for  the  fossil  record  of  dry  tropic  forest  in 
the  Sonoran  region,  a  coaly  seam  in  the  basal 
part  of  the  middle  Eocene  Torrey  Sandstone  in 
La  Zanja  Canyon,  coastal  San  Diego  County 
(Hanna  1926;  Kennedy  and  Moore  1971).  yields 
abundant  pollen  that  appears  to  largely  repre- 
sent taxa  of  a  dry  tropic  forest  that  lived  near 
the  shore  area,  about  3-5  km  (2-3  miles)  from 
the  granitic  basement  hills  to  the  east.  The  rec- 
ord provides  an  indication  of  the  general  envi- 
ronment of  the  area  which  was  then  situated 
near  the  present  central  part  of  the  Sonoran  Des- 
ert in  Baja  California.  The  following  taxa  have 
been  recognized  by  Dr.  William  S.  Ting  in  his 
preliminary  study:  Cycadaceae  (Dioon);  Pina- 
ceae  {Pinus  subsect.  Ponderosae;  Pinus  sub- 
sect.  Cembroides);  Juglandaceae  iCarya);  Fa- 
gaceae  (Quercus);  Ulmaceae  (Celtis);  Moraceae 
(Ficus);  Caesalpiniaceae  (Bauhinia,  Cercidium); 
Aquifoliaceae  (Ilex);  Aceraceae  (Acer);  Sima- 
roubaceae  (Suriana);  Bombacaceae  (Bomha- 
copsis,  Pachira);  Sterculiaceae  (Fremontoden- 
dron,  Guazuma);  Rhamnaceae  (Gouania); 
Vitaceae  (Cissus);  Fouquieriaceae  (Fouquieria); 
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Oleaceae  (Forestiera);  Apocynaceae  {Cuphea); 
Acanthaceae  (Riiellia). 

Many  others  are  present  though  their  generic 
identity  is  not  yet  estabhshed.  Among  those  that 
appear  to  be  present  are:  Arecaceae  (3  different 
palms);  Euphorbiaceae  (cf.  Phyllanthus);  Sa- 
potaceae  (cf.  Bumelia);  Rhamnaceae  (cf.  Cea- 
nothus)\  Rhizophoraceae  (cf.  Rhizophora).  The 
structures  of  the  sedimentary  rocks  and  the  nat- 
ure of  the  clasts  in  the  associated  conglomerate 
indicate  that  most  of  the  flora  was  derived  from 
granitic  hills  nearby  to  the  east.  They  apparently 
were  clothed  with  vegetation  like  that  now  in 
Sinaloa  and  southward  as  judged  from  the  de- 
scriptions of  that  region  by  Gentry  ( 1942.  1946a. 
b).  and  Rzedowski  and  McVaugh  (1966).  In  the 
Sierra  Tachichamona  southeast  of  Culican  and 
in  the  Sierra  Madre  to  the  north,  there  are  tran- 
sitions from  short-tree  forest  or  tropical  decid- 
uous forest  to  oak  woodland  which  appear  to 
parallel  the  record  implied  by  the  Torrey  Sand- 
stone sample.  The  shore  area  evidently  sup- 
ported mangrove  swamps,  and  the  higher  hills 
to  the  east  were  covered  with  a  pine-oak  wood- 
land, including  Pinus  (subsect.  Cembroides). 
Ceanothus,  Celtis,  Fremontodendron ,  Ilex,  and 
Que  IX  us. 

Mammals  occur  in  the  middle  Eocene  Ardath 
Shale  of  the  La  Jolla  Group  which  is  in  part 
equivalent  in  age  to  the  Torrey  Sandstone.  They 
are  also  in  the  immediately  overlying  formations 
of  the  La  Jolla  Group,  as  described  by  Golz 
(1976).  These  faunas,  which  are  middle  Eocene 
and  late  Eocene  in  age,  imply  a  well-wooded 
region,  with  ample  browse  for  the  dominant, 
large  artiodactyla.  Clearly,  the  fauna  could  not 
have  existed  in  a  large  regional  desert. 

Taxa  that  represent  short-tree  forest  also  ap- 
pear to  be  in  the  Oligocene  La  Porte  flora  of  the 
northern  Sierra  Nevada  (Potbury  1935),  as 
judged  from  the  numerous  taxa  represented  by 
small  leaves  and  leaflets  in  the  collection  (UC 
Mus.  Pal.)  which  are  still  undescribed.  They  ap- 
parently formed  a  drier  forest  on  slopes  border- 
ing the  dry  evergreen  forest  whose  taxa  had  larg- 
er leaves  and  were  mesic  in  their  requirements. 

Species  that  represent  a  relict  dry  tropic 
(short-tree)  forest  evidently  are  also  in  the  mid- 
dle Miocene  Tehachapi  flora  of  southern  Cali- 
fornia, where  they  lived  chiefly  on  moister 
slopes  bordering  the  semiarid  basin.  Among  the 
taxa  that  may  be  assigned  to  short-tree  forest 
are  species  of:  Acacia,  Bursera,  Cedrela,  Cle th- 


ru, Coluhrina,  Conzattia,  Euphorbia.  Dodo- 
naea.  Ficus.  Persea.  Platanus.  Rhus.  Schmalt- 
zia.  Triehilia. 

The  late  Miocene  Mint  Canyon  flora,  which 
was  then  situated  in  the  present  area  west  of  the 
Salton  Sea  (see  Fig.  9),  has  only  a  few  taxa  that 
can  be  referred  marginally  to  short-tree  forest. 
These  are  in  the  following  genera:  Cardiosper- 
mum.  Cassia,  Laurocerasus,  Persea,  Rohinia. 
Sapindus  and  Thouinia.  Their  rarity  in  the  flora 
is  not  surprising,  for  the  basin  was  in  the  lee  of 
hills  which  gave  it  a  drier  climate  over  the  low- 
lands which  were  dominated  by  semidesert  (see 
below),  woodland,  and  thorn  forest  vegetation. 

To  the  east,  the  middle  and  late  Eocene  floras 
of  south-central  Texas  (Ball  1931,  1939)  repre- 
sent a  dry  tropic  forest  that  lived  along  the 
shores  of  the  retreating  Eocene  seaway.  They 
demonstrate  that  the  present  dry  areas  of  the 
northern  Chihuahuan  Desert  and  the  semiarid 
mesquite-grassland  of  southwestern  Texas  were 
not  yet  in  existence.  At  a  minimum,  rainfall  over 
the  region  probably  totalled  at  least  127  mm  (50 
inches),  with  a  dry,  frostless  winter  season.  In 
addition,  the  small  late  Eocene  (38-39  m.y.) 
Barrilla  flora  of  western  Texas  (Berry  1919), 
which  is  farther  in  the  interior,  represents  a  dry 
subtropic  forest  rich  in  laurels,  palms,  and  other 
taxa  that  lived  in  a  region  that  is  now  semidesert 
(Axelrod  and  Bailey  1976:237).  A  late  Eocene 
(40  m.y.)  pollen  flora  from  the  Galisteo  Forma- 
tion near  Bernalillo,  New  Mexico,  is  now  situ- 
ated at  the  north  edge  of  the  Chihuahuan  Desert 
in  the  Rio  Grande  trough  (Leopold  and  Mac- 
Ginitie  1972).  Living  at  a  higher  elevation  than 
the  Barrilla  flora,  it  indicates  a  moist,  equable 
climate  sufficient  to  support  mixed  evergreen- 
deciduous  hardwood  forest  of  warm  tempera- 
ture requirements,  as  implied  by  its  species  of 
Acer.  Alnus,  Bombacopsis,  Carya,  Castanop- 
sis,  Engelhardtia-Alfaroa,  Jatropha.  Moras, 
Palmae,  Pterocarya,  Thouinia,  and  others  (Ax- 
elrod and  Bailey  1976:236). 

Sclerophyll  Woodland 

This  vegetation,  composed  of  evergreen  and 
deciduous  oaks,  pihon,  juniper,  and  their  fre- 
quent associates  (e.g..  Arbutus,  BumeHa,  Cleth- 
ra,  Garrya,  Ilex.  Mahonia.  Rhus.  Rohinia.  Sa- 
pindus) now  inhabits  the  mountains  across  the 
southwestern  United  States,  the  Sierra  Madre 
of  eastern  and  western  Mexico,  and  the  higher 
ranges  of  Baja  California.  Several  very  distinct 
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associations  contribute  to  the  modern  wood- 
land, each  of  which  has  a  number  of  restricted 
endemics.  The  modern  communities  are  segre- 
gates of  the  richer,  more  diverse,  more  gener- 
aHzed  Madro-Tertiary  Geoflora.  Species  alhed 
to  those  that  make  up  the  Madrean  woodlands 
now  in  northern  Mexico  occur  in  middle  Eocene 
and  younger  floras  scattered  from  California  to 
the  High  Plains  and  northward  into  Colorado- 
Utah.  They  clearly  demand  a  former  continuum 
across  the  region  now  desert. 

As  noted  earlier  (Axelrod  1939.  1950c).  the 
oldest  known  records  of  woodland  vegetation 
are  in  the  interior,  in  the  Green  River  and  Flo- 
rissant floras  (MacGinitie  1953.  1969).  By  late 
Eocene  time,  taxa  allied  to  living  species  of  Pi- 
nus  (subsect.  Cenibroides).  Arbutus,  Clethra, 
Cercocarpus,  Mcihonia,  Morus,  Que  reus  (sev- 
eral). Prosopis.  Robinia,  Rhus  (Schmaltzia), 
Sapindus,  and  others  were  already  established. 
Taxa  that  represent  oak  woodland  appear  to  oc- 
cur also  in  the  middle  Eocene  Torrey  Sandstone 
pollen  flora  near  San  Diego  (see  above).  The 
occurrence  there  of  Agave,  Bouhinia,  Ceano- 
thus-Rhomnus,  Celtis,  Cercidium,  Gouania,  Fo- 
re stiera,  Fremontodendron ,  and  Quercus  indi- 
cates that  a  seasonally  dry  climate  was  well 
developed  south  of  the  Eocene  temperate  rain- 
forest represented  by  the  early  Eocene  Chalk 
Bluffs  (MacGinitie  1941)  and  late  Eocene  Com- 
stock  (Sanborn  1935)  floras  of  central  California 
and  Oregon. 

That  dry  tropic  scrub  as  well  as  sclerophyllous 
taxa  were  already  present  in  the  Torrey  Sand- 
stone area  is  not  surprising.  Ecologically  com- 
parable taxa  are  in  the  middle  Eocene  Green 
River  flora  of  Colorado- Wyoming  (MacGinitie 
1969).  including  species  of  Pinus  (subsect.  Cem- 
hroides).  Bursera,  Cardiospermum.  Oreopanax, 
PUitanus.  Populus.  Quercus.  Rhus.  Sapindus. 
Thouinia.  Vauquelinia.  and  numerous  leaflets  of 
taxa  that  represent  Caesalpineae  and  Mimoseae. 
These  relations  support  the  opinion  that  the  Tor- 
rey Sandstone  taxa  originated  earlier,  in  dry  lo- 
cal sites  provided  by  exposed  slopes  and  rocky 
ridges  with  thin  soil  when  the  area  was  situated 
farther  south,  near  the  center  of  the  Eocene  high 
pressure  system  which  was  much  weaker  than 
the  present  one  (see  Axelrod  1958:fig.  2). 

That  oak  woodland  with  sclerophyllous 
shrubs  occupied  the  lowlands  of  the  Sonoran 
region  in  the  middle  and  late  Tertiary  is  apparent 
also  from  the  nature  of  Vasquez.  Tehachapi.  and 


Mint  Canyon  floras.  Included  in  the  small  Vas- 
quez flora,  which  was  then  situated  near  the 
present  California-Baja  California  border,  are 
species  representing  oak  woodland  and  thorn 
forest.  Short-tree  forest  probably  was  also  in  the 
area,  for  there  are  records  of  it  in  the  younger 
floras  in  the  interior,  in  the  Tehachapi  and  Mint 
Canyon.  On  this  basis,  the  region  had  about  635- 
760  mm  (25-30  inches)  rainfall,  or  about  254-380 
mm  ( 10-15  inches)  less  than  that  inferred  for  the 
coastal  strip  (see  below).  To  judge  from  rainfall 
distribution  patterns,  somewhat  drier  climate  no 
doubt  was  in  existence  farther  south,  near  the 
present  center  of  the  Sonoran  Desert.  If  the  av- 
erage rainfall  over  the  lowlands  of  that  region 
was  near  380-500  mm  (15-20  inches),  then  local 
dry  slopes,  deep  sheltered  canyons,  and  inter- 
range  valleys  must  have  been  drier  and  would 
have  supported  a  rich  semidesert  flora.  It  may 
have  resembled  that  which  may  be  seen  at  the 
upper  edge  of  the  desert  today  in  the  foothills  of 
Sonora,  in  southern  Baja  California,  on  the 
flanks  of  the  mountains  in  southern  Arizona,  and 
in  central  Mexico,  all  regions  where  semidesert 
vegetation  interfingers  with  grassland,  oak 
woodland,  or  thorn  forest. 

The  large  Tehachapi  flora  (Axelrod  1939)  is 
composed  of  species  representing  oak-conifer 
woodland,  thorn  forest,  and  short-tree  forest 
(Arbutus.  Clethra.  Myrica,  Persea.  Pithecello- 
bium.  Trichilia).  as  well  as  local  semidesert 
patches  (see  below)  on  dry  sites.  The  flora  in- 
dicates a  frostless  climate  during  the  middle 
Miocene  (17  m.y.).  with  rainfall  near  635  mm 
(25  inches),  distributed  chiefly  in  the  warm  sea- 
son. This  flora  was  situated  near  the  northern 
edge  of  the  Miocene  Madrean  province  which 
has  been  a  major  floristic  boundary  since  Oli- 
gocene  time  at  least  (Axelrod  1950c).  Oligocene 
and  Miocene  floras  to  the  north  are  composed 
primarily  of  plants  allied  to  those  that  are  now 
in  the  forests  of  the  western  United  States,  east- 
ern United  States,  and  eastern  Asia,  all  of  which 
contributed  to  the  rich  Arcto-Tertiary  Geoflora 
that  lived  under  moist,  temperate  climate.  The 
marked  differences  between  these  provinces  is 
attributed  to  a  rapid  rise  in  elevation  northward 
during  the  Miocene  to  a  plateau  near  760-915  m 
(2.500-3.000  ft)  where  climate  was  cooler  and 
moister  (Axelrod  1956.  1968).  as  sketched  in  Fig. 
13  for  the  late  Miocene. 

Inasmuch  as  the  Tehachapi  flora  is  situated 
near  the  north  margin  of  the  Tertiary  Sonoran 
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Figure  13.  Transect  from  western  Nevada  southward  into  southeastern  California  today  and  in  the  late  Miocene.  Uplift  of 
the  Mohave  block  brought  to  it  a  colder  climate  and  restricted  taxa  southward  to  the  wanner  Sonoran  province  and  enabled 
more  temperate  alliances  to  invade  the  area  from  the  north,  tc  and  tw  are  mean  temperatures,  real  and  estimated,  at  the 
boundaries  of  the  major  biotic  regions  today  and  in  the  late  Miocene,  respectively. 


province,  the  region  farther  south  no  doubt  was 
somewhat  drier,  especially  in  the  lee  of  Baja 
CaHfornia  which  was  covered  with  low  volcanic 
hills  at  this  time  (Gastil,  Phillips,  and  Allison 
1975).  The  relations  suggest  that  a  rich  semides- 
ert  (to  desert?)  flora  probably  occupied  local  dis- 
continuous dry  areas  wherever  effective  rainfall 
was  near  300  mm  ( 12  inches).  The  actual  extent 
of  such  areas  and  the  composition  of  the  flora 
are  indicated  by  the  nature  of  the  late  Miocene 
(13  m.y.)  Mint  Canyon  flora,  which  was  then 
situated  west  of  the  present  area  of  the  Salton 
Sea  near  the  Mexican  border.  This  particularly 
rich  flora  (over  100  species)  is  dominated  by  live 
oaks,  numerous  sclerophyllous  shrubs,  many  le- 
gumes, and  associated  thorn  forest  taxa.  The 
nature  of  the  flora  implies  a  dry  basin,  probably 
with  about  500  mm  (20  inches)  rainfall  in  its  drier 
parts.  Precipitation  was  distributed  chiefly  in  the 
warm  season  as  judged  from  the  numerous 
plants  in  it  that  are  allied  to  species  now  in 


northern  Mexico.  Among  the  taxa  recorded  are 
species  of:  Palmaceae  (Brahea);  Typhaceae  (Ty- 
pha)\  Cyperaceae  (Dichromena);  Salicaceae 
(Popidus.  Sali.x)\  Fagaceae  (Qitercus  [7  spp.J); 
Ulmaceae  (Celtis  [2  spp.J);  Juglandaceae  (7//- 
^lans);  Berberidaceae  (Mahonia  [2  spp.J);  Lau- 
raceae  (Persea);  Platanaceae  (Platanus):  Saxi- 
fragaceae  (Fendlera);  Crossosomataceae 
(Crossosoma);  Rosaceae  (Cenocarpus  [2  spp.]. 
Holodiscus,  Laurocenisus,  Lyonothamnus . 
Prunus);  Leguminosae  {Acacia,  Caesolpinia, 
Da  lea,  Eysenhardtia,  Lysdoma,  Piscidia,  Pithe- 
cellobium,  Rohinia):  Euphorbiaceae  (Acalypha. 
Euphorbia);  Burseraceae  (Biirscra  [3  spp.|);  An- 
acardiaceae  (Pachyconnus,  Pistacia,  Rhus  [4 
spp.).  Tapirira);  Aquifoliaceae  (Ilex);  Celastra- 
ceae  (Schaefferia);  Hippocastanaceae  {Ae.scu- 
lus);  Rhamnaceae  (Ceanothus  |6  spp.].  Condalia 
[3  spp.|.  Coluhrina.  Rhamnus  \2  spp.|);  Sapin- 
daceae  (Cardiospermuin,  Dodonaea,  Sapindus, 
Thouinia):  Vitaceae  (Vitis);  Passifloraceae  (Pas- 
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siflora);  Sterculiaceae  (Fremontodendron)\ 
Fouquieriaceae  {Fouquieria)\  Ebenaceae  {Dios- 
pyros);  Ericaceae  (Arctostaphylos,  Coma- 
rostaphylis):  Oleaceae  (Fores ticra.  Fra.xinus); 
Verbenaceae  (Lippia);  Rubiaceae  {ChU)Ci)ica)\ 
Asteraceae  {Bac chads,  BrUkellia). 

The  relatively  low  rainfall  indicated  by  the 
Mint  Canyon  flora  is  consistent  with  its  setting 
in  a  fault-controlled  basin  largely  enclosed  by 
hills  of  older  crystalline  rocks.  Cretaceous  sed- 
imentary formations,  and  older  Miocene  sedi- 
mentary rocks  of  the  Vasquez  and  Tick  Canyon 
formations  (Jahns  1954).  Judging  from  the  fre- 
quent occurrence  of  fanglomerates  in  the  basin- 
margin  sediments,  hills  lay  in  all  directions  with 
a  major  river  entering  the  area  from  the  east  (see 
Ehlig.  Ehlert,  and  Crowe  1975:fig.  3).  To  the 
west,  the  basin  was  separated  from  the  coast  by 
hills  v\hich  have  since  been  displaced  northwest 
by  movement  on  the  San  Gabriel  fault  (Crowell 
1952.  1975). 

That  the  Mint  Canyon  flora  inhabited  an  in- 
terior basin  is  apparent  also  from  the  composi- 
tion of  the  middle  Miocene  Topanga  and  Modelo 
floras  now  situated  37  km  (23  miles)  south  of  the 
Mint  Canyon  area,  and  the  nature  of  Puente 
flora  situated  72  km  (45  miles)  southeast  of  it,  all 
in  coastal  southern  California.  These  floras, 
which  were  situated  near  the  present  latitude  of 
Ensenada-Santo  Tomas  in  the  Miocene,  show 
that  the  coastal  strip  had  a  higher  rainfall  and 
supported  a  rich  evergreen  oak-laurel  woodland 
with  sclerophyllous  shrubs,  and  with  short-tree 
forest  in  moister  sites.  Among  the  taxa  repre- 
sented in  these  coastal  floras  which  lived  in  an 
area  that  is  presently  semidesert  are:  Arecaceae 
(Sahal  miocenica  Axelrod);  Pinaceae  {Pinus 
[closed-cone]);  Juglandaceae  (Julians  heuu- 
montii  Axelrod);  Fagaceae  (Quenus  dispersa 
[Lesq.l  Axelrod,  *Quercus  aff.  potosiana, 
*  Quen  us  aff.  virginiana);  Magnoliaceae 
(^Magnolia  aff.  schicdeuna);  Annonaceae  (*An- 
nona  aff.  ampla)\  Lauraceae  (Pcrsea  mioamcr- 
icana  Berry);  Rosaceae  (Cenocarpus  antiquus 
Lesquereux,  "Lyonothamnus  aff.  jlorihundus)\ 
Sterculiaceae  (Fremontodendron  lohata  Axel- 
rod). 

Inasmuch  as  Oligocene  floras  regularly  indi- 
cate a  moister  climate  than  do  Miocene  floras 
from  the  same  area,  we  may  infer  that  Oligocene 


precipitation  in  the  coastal  strip  probably  was 
near  890-1,015  mm  (35^0  inches),  as  compared 
with  760-890  mm  (30-35  inches)  in  the  middle 
Miocene.  The  early  Miocene  Vasquez  flora  from 
the  eastern  Soledad  basin  probably  had  no  more 
than  635-760  mm  (25-30  inches)  as  judged  from 
the  small  sample  now  available.  The  composi- 
tion of  the  Miocene  floras  thus  suggests  that  the 
coastal  slope  of  Baja  California,  then  situated 
along  the  mainland  coast  farther  south  (see  Fig. 
8),  probably  was  covered  with  short-tree  forest, 
closed-cone  pine  forest,  oak  woodland,  and  nu- 
merous sclerophyllous  shrubs  during  the  later 
Oligocene  and  Miocene.  Winters  were  frostless 
and  there  was  a  moderate  period  of  drought  in 
the  cooler  part  of  the  year,  as  implied  by  the  red 
beds  of  the  Sespe,  Vasquez,  and  lower  Tick 
Canyon  formations. 

In  this  regard,  attention  is  directed  to  a  small, 
undescribed  flora  from  the  highest  part  of  the 
Mill  Creek  beds  (  =  Potato  Sandstone)  east  of 
Redlands,  California.  The  flora  is  preserved  in 
fine  sandstone  associated  with  coarse  conglom- 
eratic sandstone  and  shaly  interbeds  on  the  crest 
of  the  ridge  south  of  Mill  Creek  at  an  elevation 
close  to  1,525  m  (5,000  ft).  The  formation  coar- 
sens to  the  east  where  conglomerates  increase 
in  frequency,  the  clasts  become  larger,  and  the 
sandstones  become  more  massive  and  conglom- 
eratic, indicating  that  their  source  lay  farther 
east.  On  the  basis  of  about  300-km  movement 
since  the  late  Miocene,  this  flora  lived  in  the 
area  of  the  present  international  boundary  in  the 
heart  of  one  of  the  driest  parts  of  the  present 
Sonoran  Desert.  Among  the  taxa  tentatively  rec- 
ognized in  this  flora  are:  Pinaceae  ("Pinus  cf. 
cemhroides);  Cupressaceae  (Cupressus  prefor- 
besii  Axelrod);  Salicaceae  (Populus  prefremontii 
Dorf,  Populus  sonorensis  Axelrod,  Salix  ede- 
nensis  Axelrod,  Salix  hesperia  [Kn.J  Condit, 
Salix  laevigatoides  Axelrod);  Fagaceae  (Quer- 
cus  pliopalmeri  Axelrod,  "Quercus  cf.  turhinel- 
la.  Quen  us  wislizenoides  Axelrod);  Berberida- 
ceae  (*Mahonia  cf.  fremontii);  Magnoliaceae 
(''Magnolia  cf.  schiedeana);  Platanaceae  (Plat- 
anus  paucidentata  Dorf);  Leguminosae  C^' Aca- 
cia cf.  anisophylla,  pringlei,  Eysenhardtia  ana- 
verdiana  Axelrod,  *Lysiloma  cf.  Candida); 
Rosaceae  (Cercocarpus  antiquus  Lesquereux); 
Sapindaceae  (*Cardiospermum   cf.    halicaca- 


*  Species  compared  with  modem  taxa  are  provisional  de- 
terminations. 


*  Species  referred  to  living  taxa  are  provisional  determi- 
nations. 
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PAST      LINKS      ACROSS      THE      DESERT 
MIOCENE       &       PLIOCENE 
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Figure  14.    Past  connections  across  the  present  desert  region  are  indicated  by  woodland  taxa  that  have  fossil  records  at 
localities  well  north  of  areas  of  their  present  occurrence. 


bum,  ^Thouinia  cf.  pringlei);  Burseraceae 
{"Bursera  cf.  la.xiflora);  Rhamnaceae  (Ceano- 
thus). 

These  taxa  represent  a  pinon-oak-cypress 
woodland  with  scattered  evergreen  shrubs  and 
with  thorn  forest  in  nearby  drier  sites.  It  sug- 
gests that  rainfall  was  near  585-635  mm  (23-25 
inches)  and  that  mild,  frostless  winters  typified 
the  area.  As  presently  understood,  it  appears  to 
be  slightly  older  than  the  Mint  Canyon  flora.  The 
differences  may  be  ascribed  chiefly  to  its  some- 
what higher  elevation  where  it  received  more 
moisture  and  had  somewhat  more  moderate 
temperatures,  and  thus  supported  a  more  mesic 
flora.  Geologic  evidence  indicates  that  in  the  late 
Miocene  this  flora  was  situated  in  Sonora,  near 
the  present  head  of  the  Gulf  of  California  (Fig. 
9).  This  area  is  now  pronounced  desert,  aver- 
aging only  50  mm  (2  inches)  precipitation  an- 
nually. The  present  period  of  long  drought  is 
intensified  by  the  very  hot  summers,  with  mean 


monthly  temperatures  of  from  30  to  33  C  (86  to 
91  F)  in  June,  July,  August,  and  September,  and 
with  mean  daily  temperatures  regularly  exceed- 
ing 38  C  ( 100  F)  during  these  four  months. 

The  early  Pliocene  Ricardo  (Webber  1933; 
Axelrod  1939:79-80)  and  the  Anaverde  (Axelrod 
1950b)  floras  from  the  western  Mohave  area  also 
contain  species  assigned  to  oak-conifer  wood- 
land and  thorn  forest  vegetation.  Since  wood- 
land and  thorn  scrub  appear  to  be  more  impov- 
erished as  compared  with  that  of  the  Miocene 
Tehachapi  and  Mint  Canyon  floras,  and  short- 
tree  forest  apparently  was  absent,  precipitation 
is  inferred  to  have  been  lower.  This  agrees  with 
evidence  in  the  bordering  region  which  shows 
that  rainfall  decreased  from  the  middle  to  late 
Tertiary.  An  early  Pliocene  pollen  flora  re- 
covered from  sediments  near  Prescott,  Arizona, 
is  composed  of  genera  that  contribute  to  oak- 
conifer  woodland  and  associated  sclerophyllous 
shrubs  (Gray   1960).  A  number  of  unidentified 
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Figure  15.     General  distribution  of  vegetation  during  Eocene  and  Miocene  times.  Note  cooling  sea-suiface  temperatures 
and  resultant  inferred  southward  restriction  of  hurricanes  in  the  eastern  Pacific  (compare  with  Fig.  2). 


grains  in  the  sample  may  represent  thorn  scrub 
taxa,  genera  which  largely  occur  today  in  So- 
nora.  Inasmuch  as  the  fossil  site  has  been  uplift- 
ed from  the  general  level  of  the  Sonoran  Desert 
flora  which  now  lies  below  it,  widespread  desert 
climate  evidently  was  not  present  there.  Rainfall 
probably  was  near  500-630  mm  (20-25  inches). 
Since  this  region  and  the  western  Mohave  area 
had  not  much  more  than  500  mm  (20  inches) 
precipitation,  we  may  raise  the  question  as  to 
the  nature  of  the  Pliocene  environment  farther 
south,  in  the  middle  of  the  present  Sonoran  re- 
gion. Did  it  then  support  local  desert  vegetation, 
with  woodland,  thorn  forest,  and  grassland  con- 
fined chiefly  to  streamways  and  moister  valleys 
and  hillslopes  with  cooler  (northerly)  exposure? 
An  answer  to  this  question  depends  on  wheth- 
er there  is  evidence  that  a  drier  climate  was 
present  farther  south,  in  the  area  of  the  central 
Sonoran  region,  in  the  middle  of  the  high  pres- 
sure system.  It  seems  certain  that  warm-season 
rainfall  was  more  frequent  and  more  effective 
over  the  entire  region  than  it  is  at  present.  This 
follows  for  two  reasons.  First,  the  topographic 
features  that  now  block  the  ingress  of  moist  ma- 
rine air  from  the  tropics,  notably  the  southern 


Rocky  Mountains  and  the  entire  plateau  region 
of  Mexico  and  its  fringing  mountains,  were 
uplifted  chiefly  during  and  after  the  Pliocene. 
Second,  as  the  oceans  gradually  chilled  during 
the  Tertiary,  the  California  Current  was  becom- 
ing colder  and  increasing  in  strength.  As  a  result, 
it  formed  a  progressively  more  important  factor 
that  controlled  the  warm-season  hurricanes  and 
convectional  summer  rain.  We  may  infer  that  as 
hurricanes  encountered  increasingly  colder 
waters  during  the  middle  Tertiary  they  would 
gradually  lose  strength  and  their  effect  would  be 
reduced  at  middle  latitudes.  As  a  result,  during 
the  later  Cenozoic  they  were  confined  to  suc- 
cessively lower  latitudes,  as  sketched  in  Figures 
2  &  15.  Their  restriction  southward,  together 
with  the  decrease  in  convectional  summer 
storms,  was  a  significant  factor  contributing  to 
the  rise  and  spread  of  semidesert  and  (later)  des- 
ert vegetation. 

On  this  basis,  the  principal  areas  of  semidesert 
and  desert  during  the  Pliocene  probably  were 
restricted  to  dry  valleys  in  the  lee  of  low  ranges, 
and  in  intra-range  areas.  Elsewhere,  vegetation 
evidently  was  living  under  semiarid,  not  arid 
(=desert)  climate.  This  is  consistent  with  the 
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occurrence  of  rich  floodplain  vegetation  in  the 
western  panhandle  of  Oklahoma  in  the  early 
Pliocene  (Chaney  and  Elias  1936)  and  also  in  the 
Clarendon  beds  of  northern  Texas  (UC  Mus. 
Pal.).  Furthermore,  during  the  late  Pliocene  pre- 
cipitation increased  sufficiently  so  that  Rocky 
Mountain   taxa — notably   Quercus  gambelii — 
penetrated  eastward  into  northern  Texas  (An- 
derson and  Kirkland    1969).   Even  in  the  late 
Pleistocene,  rainfall  increased  sufficiently  to  en- 
able juniper  woodland  to  descend  into  the  area 
of  the  present  Sonoran  Desert  (van  De vender 
and  King  1971;  van  Devender  1976;  Wells  1969. 
1976b;  Wells  and  Hunziker  1976). 

The  Neogene  distribution  of  woodland  vege- 
tation thus  provides  a  reliable  basis  for  regarding 
the  present  day  patches  of  woodland  in  the  des- 
ert ranges  as  relicts  of  a  formerly  more  wide- 
spread vegetation,  as  inferred  by  Clements 
(1936).  As  noted  above,  a  particularly  significant 
area  is  at  San  Jiilio  Canyon  near  San  Ignacio, 
central  Baja  California,  where  taxa  typical  of 
oak  woodland  now  in  southern  Arizona  are  as- 
sociated with  species  that  occur  in  coastal 
southern  California  (Fig.  5).  This  isolated  com- 
munity, which  has  persisted  in  a  protected  site 
above  the  desert,  not  only  links  the  modern 
woodlands  that  are  now  on  opposite  sides  of  the 
desert,  it  simulates  generally  the  composition  of 
the  Miocene  and  Pliocene  floras  of  interior 
southern  California  and  thus  provides  a  signifi- 
cant link  with  the  past. 

This  is  consistent  with  the  nature  of  the  wood- 
land that  is  scattered  down  the  peninsula  into 
the  Cape  Region.  Represented  in  the  southern 
peninsula  region  are  species  now  confined  to 
California  (Heteromeles  arbutifolia,  Malosma 
lamina),  others  occur  elsewhere  only  in  south- 
ern Arizona  and  northern  Mexico  (Pinus  cem- 
broides,  Quercus  oblongifolia,  Q.  reticulata). 
and  some  are  only  in  Sonora  or  nearby  Sinaloa 
(Populus  monticola.  Quercus  albocincta,  Q. 
tuberculata  [=idonaea],  Rhus  brandegaena. 
Ilex  discolor  var.  tolucana).  Some  of  these,  to- 
gether with  certain  restricted  endemics  in  the 
Cape  Region  (Arbutus  peninsularis,  Quercus 
brandegeii),  have  very  similar  species  in  the 
Miocene  floras  of  southern  California  (Axelrod 
1939;  1958).  A  continuum  is  clearly  implied  for 
the  middle  Tertiary.  At  that  time,  the  peninsula 
had  not  yet  separated  from  the  mainland  of  Mex- 
ico (Figs.  7,  8).  Woodland  presumably  reached 
southward  down  a  line  of  volcanos,  linking  the 


flora  of  the  Cape  Region  with  that  of  Sonora- 
Sinaloa-Nayarit-Jalisco,  which  probably  lived 
above  scattered  dry-tropic  forest  and  thorn  for- 
est. Uplift  of  the  central  and  southern  peninsula 
following  the  Miocene  continued  to  provide  suit- 
able moist  upland  environments  for  woodland  as 
climate  became  progressively  drier.  Thus,  the 
present  links  between  the  woodland  vegetation 
of  southern  California  and  Arizona  and  border 
areas  and  between  California  and  the  Cape  Re- 
gion, and  the  uplands  of  western  Mexico  and 
southward  (Fig.  2).  are  remnants  of  the  Miocene 
vegetation  which  was  much  richer  than  that 
which  has  persisted  in  either  area  (Fig.  15).  Taxa 
in  the  woodland  and  those  that  are  vicarious  be- 
tween southern  California  and  southern  Arizona 
are  listed  in  Tables  1  and  2  (above). 

In  addition,  a  number  of  woodland  taxa  that 
are  now  only  in  Arizona  or  in  areas  to  the  south 
or  east  are  represented  by  close  allies  in  the 
Miocene  and  Pliocene  floras  of  southern  Cali- 
fornia. Among  these  are:  Arecaceae  (Sabal  ure- 
sana):  Juglandaceae  (Juglans  major  [rupestris]): 
Fagaceae  {Quercus  arizonica,  Quercus  emo- 
ryii)\  Ulmaceae  {Celtis  pallida);  Lauraceae  {Per- 
sea  podadenia);  Papilioniaceae  (Eysenhardtia 
polystachya,  Robinia  neomexicana);  Bursera- 
ceae  (Burs era  microphylla):  Euphorbiaceae 
(Sapium  biloculare);  Aquifoliaceae  (Ilex  bran- 
degaena. Ilex  rubra);  Anacardiaceae  (Rhus 
chondroloma.  Rhus  virens);  Sapindaceae  (Car- 
diospermum  halicacabum,  Sapindus  drurnmon- 
dii,  Thouinia  pringleii);  Clethraceae  (Clethra 
lanata):  Sapotaceae  (Bumelia  lanuginosa).  The 
occurrence  in  the  Neogene  of  southern  Califor- 
nia of  fossil  plants  that  are  very  similar  to  these 
living  taxa  supports  the  notion  that  a  more  gen- 
eralized, richer  woodland  covered  southwestern 
North  America  well  into  the  Pliocene,  a  wood- 
land which  then  extended  across  much  of  the 
area  of  the  present  Sonoran  Desert. 

Local  dry  tracts  increased  in  number  and  in 
area  as  precipitation  was  lowered  during  the 
middle  Pliocene,  the  driest  part  of  the  Tertiary. 
To  judge  from  the  precipitation  inferred  for 
nearby  areas  to  the  north  and  east,  a  semidesert 
Sonoran  flora  probably  then  occupied  scattered 
drier  sites  over  the  lowlands,  intei"fingering  with 
grassland  and  woodland  in  the  bordering  hills 
where  rainfall  exceeded  380^30  mm  (15-17 
inches),  and  with  thorn  forest  now  becoming 
rarer  on  its  northern  margin  as  temperatures  de- 
creased during  the  winter  season. 


30 


OCCASIONAL  PAPERS  OF  THE  CALIFORNIA  ACADEMY  OF  SCIENCES.  No.  132 


A  number  of  taxa  have  their  northern  outposts 
in  southern  Arizona.  This  evidently  corresponds 
to  their  limit  of  tolerance  for  cold,  as  docu- 
mented by  Turnage  and  Hinckley  (1938)  on  the 
basis  of  the  severe  frost  damage  inflicted  by  the 
cold  wave  of  January  1937  to  species  of  Bursera, 
Ci'ltis.  Dodonaca.  Eysenhardtia.  Jatropha,  Ly- 
silomci.  Mammillaria.  Oineya,  Simmondsia.  and 
Sapindus.  In  addition,  several  other  taxa  that 
have  their  northern  limits  in  southernmost  Ari- 
zona (e.g..  Atamisquaea  emarginata.  Bursera 
fagaroidt's,  B.  odorata,  Cordia  parvifolia.  Sa- 
pindus saponaria)  probably  are  controlled  also 
by  frost.  They  are  regular  components  of  the 
Sonoran  Desert  flora  in  Mexico,  and  some  con- 
tribute also  to  thorn  forest  which  replaces  desert 
vegetation  farther  south  as  rainfall  increases  and 
as  winter  temperatures  rise. 

Thorn  Forest 

This  vegetation  borders  the  southern  margin 
of  the  Sonoran  Desert  and  occurs  also  on  the 
northeast  coast  of  Mexico  where  it  grades  into 
mesquite  grassland  in  Tamaulipas  and  Nuevo 
Leon  and  thence  into  the  Chihuahuan  Desert. 
Thorn  forest,  composed  of  species  of  Acacia, 
Bursera,  Cardiospermum,  arborescent  Cacta- 
ceae.  Dodonaea,  Eysenhardtia,  Ficus,  Jatro- 
pha, Karwinskia,  Lysiloma,  Pithecellohium, 
Randia,  and  many  others,  requires  essentially 
frostless  winters.  It  occurs  in  areas  of  relatively 
low  summer  precipitation  (380-510  mm;  15-20 
inches)  and  is  replaced  by  short-tree  forest  or 
oak  woodland  in  areas  of  greater  moisture  or 
lower  temperature.  There  are  records  of  thorn 
forest  taxa  in  the  Pliocene  (Mount  Eden,  Ana- 
verde,  Ricardo)  and  Miocene  (Mill  Creek,  Mint 
Canyon,  Tehachapi.  Vasquez)  floras  of  interior 
southern  California.  Species  that  may  have  con- 
tributed to  this  community  are  also  in  the 
Eocene  Green  River  flora  of  Colorado,  notably 
in  the  genera  Bursera,  Caesalpinia,  Celtis,  Er- 
ythrina.  Hibiscus,  Mahonia,  Mimosites,  and 
Triumfetta.  Taxa  in  the  Eo-Oligocene  Florissant 
flora  that  probably  contributed  to  thorn  forest  in 
the  bordering  region  include  Bursera,  Caesal- 
pinia, Cardiospermum,  Celtis,  Coluhrina,  Con- 
zattia,  Dodonaea,  Morus,  Prosopis,  Sapindus, 
and  Zizyphus.  As  depicted  in  Figure  16,  the  re- 
lations indicate  a  former  continuum  to  the  north, 
across  the  area  of  the  present  Sonoran  (and  Chi- 
huahuan) Desert,  at  a  time  when  rainfall  was 


greater  than  in  the  desert  at  present,  and  when 
winter  temperatures  were  much  higher. 

Hardy  small  trees  and  shrubs  that  may  be  re- 
garded as  relicts  of  thorn  forest  vegetation  per- 
sist in  the  Coloradan  sector  of  the  Sonoran  Des- 
ert in  southeastern  California,  notably  species 
of  Acacia,  Bursera,  Cassia,  Calliandra,  Car- 
negiea,  Cercidium,  Fouquieria,  Dalea,  Oineya, 
Parkinsonia,  Prosopis,  and  Washingtonia.  They 
increase  in  number  and  diversity  in  southern 
Arizona  as  summer  rains  become  more  frequent, 
though  they  do  not  form  a  thorn  forest  because 
winters  are  now  too  cold  there  for  this  vegeta- 
tion zone.  That  they  contribute  to  the  Sonoran 
Desert  flora,  as  well  as  to  thorn  forest,  and  oc- 
cupied the  present  area  of  the  Mohave-Sonoran 
Desert  during  the  Miocene  and  Pliocene  when 
live  oak  woodland  also  lived  there,  provides  a 
significant  clue  to  the  role  that  spreading  drought 
had  in  the  origin  of  the  present  desert. 

Semidesert 

This  term  designates  vegetation  like  that  now 
at  the  upper,  moister  edge  of  the  desert,  where 
'desert  taxa""  mingle  with  those  of  woodland, 
thorn  forest,  or  arid  bushland  ("mattorar") 
vegetation.  It  is  distributed  along  the  slopes  of 
the  Peninsular  Ranges  from  southern  California 
far  into  Baja  California  and  occurs  widely  in 
southern  Arizona,  reaching  southward  into  So- 
nora  and  Chihuahua.  In  addition,  the  Hidalgan 
desert  areas  of  central  Mexico  are  semidesert, 
occupying  discontinuous  areas  in  the  valleys  of 
Hidalgo,  Puebla.  Guerrero  and  southern  San 
Luis  Potosi.  regions  where  it  merges  into  thorn 
forest,  or  submontane  mattoral,  or  woodland.  In 
all  these  areas  the  vegetation  is  rich  and  diver- 
sified, with  a  large  number  of  life  forms  and 
many  plants  of  distinctive  habit,  structure,  and 
behavior.  The  stature  and  density  greatly  exceed 
those  of  open  deserts  of  low  rainfall  because 
precipitation  is  on  the  order  of  380  mm  (15 
inches),  and  the  moderate  temperatures  result 
in  its  greater  effectiveness.  Especially  notewor- 
thy is  the  fact  that  the  great  majority  of  the  taxa 
contribute  regularly  to  adjacent,  more  mesic 
vegetation  zones,  as  well  illustrated  in  the  re- 
ports by  Bravo  ( 1936.  1937),  MacDougall  ( 1908), 
Quintero  (1968),  Rzedowski  (I960),  and  Rze- 
dowski  and  McVaugh  (1966)  on  the  vegetation 
of  central  Mexico. 

The  antiquity  of  semidesert  vegetation  is  not 
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Figure  16.     Past  links  across  the  present  desert  area  are  implied  by  the  Miocene  occurrence  of  thorn  forest  taxa  in  areas 
north  of  their  present  distribution. 


certainly  known.  However,  the  presence  of  taxa 
that  are  certainly  referable  to  it  in  the  Miocene 
indicates  it  has  had  a  long  history.  There  are 
indications  of  comparable  alliances  in  the  Flo- 
rissant flora  of  Colorado,  notably  species  re- 
ferred to  Ephedra.  Caesalpinites,  Cardiosper- 
mum, Celtis,  Colubrina,  Conzattia,  Dodonaea, 
Euphorbia,  Mahonia,  Morus,  Philadelphus, 
Prosopis,  P  tele  a,  Sapindus,  Sehmaltzia,  Vau- 
quelinia,  and  Zizyphus.  They  seem  ancestral  to 
alliances  that  now  occur  in  semidesert  and  des- 
ert areas,  and  they  also  contribute  to  shrubland 
and  woodland  vegetation.  Furthermore,  some  of 
these  taxa  are  represented  in  the  middle  Eocene 
Green  River  flora,  notably  Cardiospermum, 
Celtis,  Sapindus,  Vauquelinia.  and  numerous 
legumes.  This  is  consistent  with  the  occurrence 
of  allied  taxa  in  the  Torrey  Sandstone  flora  near 
Del  Mar  in  coastal  southern  California  as  noted 


above.  That  restricted,  drier  (often  edaphic) 
sites  over  the  interior  region  and  in  areas  well 
to  the  south  may  have  supported  local  semides- 
ert communities  in  the  later  Paleogene  seems 
highly  probable. 

Semidesert  communities  were  certainly  pres- 
ent in  the  Miocene  of  interior  southern  Califor- 
nia. Among  the  taxa  in  the  middle  Miocene  ( 17 
m.y.)  Tehachapi  flora  that  appear  to  have 
formed  local  semidesert  patches  in  the  drier 
parts  of  that  basin  are:  Bursera  sp..  Bumelia 
(lanuginosa),  Celtis  (reticulata).  Condalia  (ly- 
eioides),  Colubrina  (arborea),  Dodonaea  (an- 
gustifolia).  Ficus  (pahnerii).  Euphorbia  (hind- 
siana),  Leucaena  (microcarpa).  Karwinskia 
(humboldtiana).  Mahonia  (f'remontii).  Pithecel- 
lobium  (dulce).  Pithecellobium  (mexicanum), 
Prosopis  (juliflora),  Prunus  (f'asciculata),  Rosa 
(mohavensis).  Streamways  across  the  drier  ha- 
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sins  in  this  and  the  nearby  area  supported  a  ri- 
parian woodland  composed  of  Brahea  (^Ery- 
thea),  Populus,  Quercus  (hrundegeii),  Sali.x, 
and  Sohal  that  reached  up  into  the  woodland 
belt. 

The  late  Miocene  Mint  Canyon  flora,  which 
was  situated  near  the  Mexican  border  (Fig.  9), 
has  the  largest  representation  of  species  that 
may  be  assigned  to  semidesert  vegetation. 
Among  the  alliances  presently  recognized  are: 
Brahea.  Quercus  (turhinclla,  hrandei>eii).  Celtis 
(reticulata,  pallida).  Fendlera  (rupicola),  Cros- 
sosoma  (higelovii),  Cercocarpus  (paucidenta- 
tus).  Acacia  (California,  pringleii),  Eysenhardtia 
(orthocarpa).  Lysiloma  (candida),  Piscidia 
(mollis),  Pithecellohium,  Acalypha,  Euphorbia 
(califoniica),  Bursera  (la.\iflora\  odoratum),  Pa- 
chycormus  (discolor),  Rhus  (microphylla),  Ta- 
pirira,  Condalia  (lycioides,  parryii),  Colubrina 
(glabra).  Rhamnus  (pirifolia).  Cardiospermum 
(halicacabum).  Dodonaea  (angustifolia).  Fou- 
quieria  (splendens).  Lippia  (palinerii).  Diospy- 
ros  (palmerii).  Forestiera  (reticulata).  Chiococ- 
ca,  Baccharis  (sergiloides).  Lining  the 
watercourses  in  the  drier  parts  of  the  basin  were 
species  of  Populus  (arizonica).  Sali.x  (lasiolepis. 
e.xigua).  Juglans  (rupestris).  Platanus  (race- 
mosa),  and  Lyonothamnus  (floribundus).  Semi- 
desert  vegetation  was  replaced  by  a  rich  oak 
woodland  with  numerous  sclerophyllous  shrubs 
on  moister  slopes  and  by  thorn  forest  in  warmer 
parts  of  the  basin. 

The  Mount  Eden  flora  (Axelrod  1937.  1950b) 
also  has  a  number  of  taxa  whose  modern  rep- 
resentatives occur  along  the  upper  margin  of  the 
Sonoran  Desert.  Eighty  kilometers  (50  miles) 
south  of  the  Mount  Eden  area,  on  the  desert 
slopes  near  Banner,  are  the  following  that  have 
equivalents  in  the  Mount  Eden  flora:  Agave 
(new  record).  Baccharis  (sergiloides).  Cerci- 
dium  (floridum).  Chilopsis  (linearifolius),  Con- 
dalia (parryii).  Ephedra  (spp.),  Forestiera  (neo- 
mexicana),  Emplectocladus  (fremontii). 

Associated  with  them  are  a  number  of  wood- 
land and  chaparral  taxa  that  have  descended 
frt)m  the  lower  mountain  slopes  to  below  Banner 
at  the  upper  edge  of  the  desert,  and  which  also 
have  equivalent  species  in  the  Mount  Eden 
flora,  notably:  Arctostaphylos  (glauca),  Cea- 
nothus  (divaricatus).  Ceanothus  (cuneatus). 
Cercocarpus  (betuloides).  Quercus  (agrifolia). 
Quercus  (engelmannii).  Rhamnus  (ilicifolia). 
Rhus  (ovata).   Additional  taxa  in  the   Mount 


Eden  flora  that  occupy  similar  sites  in  southern 
Arizona,  where  there  is  summer  rainfall,  include 
Dodonaea  (angustifolia).  Eysenhardtia  (ortho- 
carpa). Juglans  (rupestris),  and  Sapindus 
(drummondii) .  That  semidesert  vegetation  spread 
more  widely  as  aridity  increased  during  the  later 
Tertiary  can  scarcely  be  doubted.  But  there  is 
no  reason  to  believe  that  a  widespread  desert 
like  the  present  one  was  in  existence  at  that 
time.  The  record  as  now  known  indicates  that 
woodland  (pihon-oak-juniper)  reached  well  out 
into  areas  presently  desert,  much  as  it  also  did 
during  the  moister  phases  of  the  Quaternary. 

Plio-Pleistocene  Environments 

Late  Pliocene  floras  record  a  marked  increase 
in  precipitation  and  a  decrease  in  temperature. 
This  enabled  yellow  pine  (Pinus  ponderosa)  for- 
est to  extend  from  the  Sierra  eastward  into  west- 
ern Nevada  where  desert  and  sagebrush  domi- 
nate today,  and  also  into  Coso  and  Panamint 
valleys  in  the  Mohave  Desert  of  eastern  Cali- 
fornia (Axelrod  and  Ting  1960).  This  implies  a 
considerable  rise  in  precipitation,  perhaps  on  the 
order  of  380-5 10  mm  (15-20  inches)  at  this  time, 
before  the  major  uplift  of  the  Sierra.  This  is  con- 
sistent with  evidence  of  increased  precipitation 
in  the  late  Pliocene  of  central  California  as 
shown  by  the  Sonoma  floras  from  Napa  (Axel- 
rod 1950a)  and  Santa  Rosa  (Axelrod  1944),  and 
by  the  record  of  mixed  conifer  forest  (Pinus  lam- 
bertiana,  Calocedrus  decurrens)  in  the  Plio- 
Pleistocene  Santa  Clara  Formation  (Dorf  1930). 
Likewise,  the  Soboba  flora  from  interior  south- 
ern California  (Axelrod  1966)  records  the  low- 
ering of  mixed  conifer  forest  fully  915  m  (3,000 
ft)  into  a  region  that  is  semidesert  today.  The 
early  Pleistocene  (?Nebraskan)  pollen  record  in 
the  desert  area  near  Safford.  eastern  Arizona 
(Gray  1961),  also  provides  evidence  of  a  low- 
ering of  the  pine-oak-juniper-sagebrush  associ- 
ation down  into  the  present  desert  area  and  in- 
dicates moister  forest  taxa  (Abies,  Picea, 
Pseudotsuga.  Be  tula,  Ostrya)  in  the  higher 
mountains  to  the  northwest. 

A  flora  of  similar  age  described  from  the  Rita 
Blanca  Formation  near  Channing  northwest 
Texas,  indicates  a  moister  climate.  This  is  con- 
trary to  the  published  opinion  in  which  interpre- 
tations of  the  environment  were  based  almost 
solely  on  the  common  taxa  in  the  flora  (Ander- 
son and  Kirtland  1969).  No  consideration  was 
given  to  the  absence  from  the  present  region  of 
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Carya  (in  eastern  or  central  Oklahoma  and  Tex- 
as), Corylus  (now  in  east-central  Oklahoma), 
Juglans  (west-central  Oklahoma,  central  Tex- 
as), Ulmiis  (eastern  Texas  and  Oklahoma),  or 
to  the  record  of  Sapotaceae  (probably  Bumelia, 
now  in  southern  and  western  Texas).  These 
taxa,  when  considered  with  the  presence  of  east- 
ern (Quenus  stellata)  and  western  (Q.  gambelii) 
oaks  as  well  as  the  more  widely  ranging  taxa, 
clearly  imply  higher  rainfall  than  that  in  the  area 
today,  as  does  the  existence  of  the  permanent 
lake  in  which  the  fossils  accumulated. 

When  the  evidence  from  all  these  floras  is 
considered,  they  suggest  that  farther  south  the 
driest  parts  of  the  present  desert  region  probably 
were  semidesert,  with  local  desert  vegetation  of 
highly  restricted  occurrence  in  arid  pockets. 
Comparable  evidence  is  provided  also  by  the 
fossil  record  in  the  much  larger  desert  region  of 
northern  Africa  (see  review  in  Axelrod  1973:265- 
267).   Furthermore,  a  large  pollen  assemblage 
from  the  Plio-Pleistocene  Koobi  Fora  Forma- 
tion,  East  Rudolf,   Kenya  (Bonnefille    1976), 
shows  that  a  prominent  montane  forest  element, 
with  numerous  taxa  Hke  those  now  in  the  moun- 
tains of  Abyssinia,  lived  much  nearer  the  pres- 
ent site.   The  high  representation  of  Acacia, 
Commiphora,    and   Salvadora   also  implies  a 
shrub-tree  cover  denser  than  that  now  in  the 
basin  and  reflects  a  cooler  and  wetter  climate 
than  that  in  this  semidesert  area  today.  Inas- 
much as  the  pluvial  stages  affected  the  Sonoran 
region,  the  patches  of  Pliocene  semidesert  prob- 
ably contracted,  with  the  species  retreating  to 
favorable  dry  sites  in  intermontane  valleys,  lee 
slopes,  and  dry  sites  where  they  formed  local- 
ized communities.  It  is  recalled  that  many  desert 
plants  range  out  of  the  Sonoran  Desert  today, 
reaching  into  adjacent  communities  of  moister 
requirements,  where  they  occur  on  drier  sites 
scattered  in  thorn  forest,  woodland,  sage,  and 
grassland  vegetation. 

The  recent  discovery  of  Pleistocene  terrestrial 
mammals  at  several  sites  in  southern  Baja  Cal- 
ifornia is  particularly  significant  in  terms  of  en- 
vironment during  the  pluvial  phases  of  the  Pleis- 
tocene. Among  the  taxa  recorded  by  Miller 
(1977)  from  alluvial  deposits  22  km  (14  miles) 
southwest  of  San  Miguel  Commondii  are  Noth- 
rotherium,  Canis,  Urocyon,  Termarctos,  Felis, 
'  Mammiithiis.  Equiis,  Hemiauchenia.  Camclops, 
and  Bison.  Teeth  oi  Equus  and  Camclops  were 
recovered  from  a  site  near  Santa  Rita.  In  de- 


posits about  19  km  (12  miles)  northeast  of  Santa 
Rita  are  a  large  and  a  small  species  of  Equus, 
cf.  Hemiauchenia,  and  a  Rhynchothcrium,  pre- 
viously unreported  from  the   Pleistocene.   As 
Miller  properly  notes,  the  taxa  imply  the  pres- 
ence of  both  wooded  and  grassland  habitats,  and 
hence  a  vegetative  cover  denser  than  that  which 
now  exists  in  these  areas  in  southern  Baja  Cal- 
ifornia. This  is  consistent  with  the  late  Pleisto- 
cene occurrence  of  Junipems  woodland  in  the 
Sonoran  Desert  northwest  of  Catavina,   Baja 
California,  in  a  region  now  dominated  by  forests 
of  Fouqiiieiia  (Idria)  columnaris  (Wells  1969). 
This  evidence  further  supports  the  notion  that 
during  the  moist  pluvial  ages  desert  environment 
largely  disappeared  from  the  area  of  the  present 
Sonoran  Desert.  The  data  do  not  favor  the  idea 
that  the  Sonoran  Desert  was  then  restricted  to 
the  Lower  Colorado  River  basin  in  California- 
adjacent  Arizona  (Martin  and  Mehringer  1965). 
Southern  areas  may  well  have  served  as  refugia 
for  thermophilous  xerophytes  because  they  are 
not  associated  with  woodland  conifers  in  the 
northern  Sonoran  Desert  (Wells  and  Hunziker 
1976).  The  data  do  suggest  that  the  '"desert 
taxa"  simply  survived  in  the  driest  sites  in  the 
bordering  vegetation  zones  and  contributed  to 
them  as  well.  In  these  sites  climate  was  semiarid 
(semidesert),  and  woodland,  grassland,  and  bor- 
dering shrubby  communities  regularly  contained 
elements  of  the  desert  flora — as  they  still  do  to- 
day in  Baja  California,  Sonora,  and  elsewhere 
in  Mexico.  This  analysis  is  consistent  with  the 
preceding  interpretation  of  the  fossil  evidence 
which  suggests  that  the  desert  has  been  accu- 
mulating taxa  from  the  diverse  vegetation  that 
occupied  the  present  area  of  drought  during  the 
past. 

It  probably  was  only  during  the  interglacials 
that  a  desert  of  regional  extent  came  into  exis- 
tence. As  judged  from  the  record  of  wood-rat 
middens,  there  was  sufficient  precipitation  dur- 
ing the  last  glacial  to  support  oak-conifer  wood- 
land over  much  of  the  Sonoran  Desert  area  in 
Arizona  (King  and  van  Devender  1977;  van  De- 
vender  1976),  in  the  Mohave  region  (Wells  and 
Jorgensen  1964;  Wells  and  Berger  1967;  Leski- 
nien  1975)  and  also  in  the  Chihuahuan  Desert 
(Wells  1966;  1976a).  Scattered  small  patches  of 
grassland  may  have  been  present,  hut  there  is 
no  clear  evidence  for  regional  (zonal)  grasslands 
in  the  desert  area  in  the  Wisconsin.  Comparable 
changes  are  documented  for  the  last  glacial  in 
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Figure  17.  Temperatures  at  representative  stations  in  the 
northern  Sonoran  Desert  indicate  a  water  need  (N)  slightly  in 
excess  of  N  6.  Compare  with  Table  3. 


the  Saharan-Libyan  and  Kalahari  Desert  regions 
of  Africa  (Street  and  Grove  1976;  Zinderen  Bak- 
ker  1976)  and  Australia  (Bowler  et  al.  1976; 
Butzer  1976),  at  which  time  those  areas  sup- 
ported numerous  lakes.  It  has  been  since  the  last 
glacial  that  deserts  have  been  expanding,  and 
they  evidently  are  now  wider  in  area  and  more 
extreme  in  climate  than  they  have  ever  been — 
except  perhaps  for  the  Xerothermic  period  (ca. 
8.000^.(X)0  B.P.).  At  that  time  the  desert  seems 
to  have  had  a  greater  extent,  as  judged  from 
relict,  disjunct  desert  plants  in  cismontane  and 
coastal  southern  California  today  (Axelrod 
1966).  In  addition,  under  the  influence  of  man 
(overgrazing,  lowered  water  tables)  the  desert 
margin  has  been  invading  the  adjacent  grassland 
and  also  the  margin  of  the  woodland  zone,  a 
phenomenon  that  is  well  documented  for  the 
Mediterranean  region  and  other  areas  (Naveh 
and  Dan  1973;  Aschmann  1973;  de  Vos  1975). 
The  recency  of  extreme  dry  climate  over  the 
-"tgion  is  apparent  also  if  we  consider  the  water 


need  (A^)  of  desert  vegetation.  As  described  by 
Bailey  (1971),  water  need  may  be  defined  as 

N  =  0.5(  1.025' '•^-  +  1.025^'-'^) 

where  T  is  mean  annual  temperature,  and  s  is 
the  standard  deviation  of  the  hourly  tempera- 
tures around  the  annual  mean  (compiled  from  A 
[  =  mean  annual  range  of  temperature]  if  not 
available  directly  from  summaries  of  hourly  rec- 
ords). The  equation  expresses  the  principle  that 
water  need  increases  with  temperature  at  the 
rate  of  2.5%  per  F  deg  (4.54%  per  C  deg).  Such 
a  rate  agrees  with  certain  aspects  of  evaporation 
theory  (Bailey  1958)  and  with  empirical  evidence 
connecting  the  characteristics  of  plant  commu- 
nities with  rainfall.  In  relation  to  mean  annual 
temperature  (T),  N  increases  8-fold  over  the 
span  from  -20  C  to  +30  C  (Fig.  17).  A  smaller 
increase  in  A^  occurs  with  an  increase  in  A.  as 
seen  in  the  upward  curve  of  the  lines  of  moisture 
need  (N).  Their  pattern  is  a  picture  of  the  prin- 
ciple of  precipitation  effectiveness:  to  meet  the 
water  needs  of  plant  life  equally,  more  water  is 
required  in  warm  climates  and  warm  seasons 
than  in  cool  ones. 

Table  3  lists  the  thermal  and  moisture  condi- 
tions at  several  meteorological  stations  in  the 
northern  Sonoran  Desert  which  are  plotted  in 
Figure  17.  The  stations  have  a  similar  mean  tem- 
perature (T)  and  range  of  temperature  (A),  and 
a  water  need  (IW)  slightly  greater  than  6.  This 
implies  that  under  these  thermal  conditions  a 
precipitation  near  300-380  mm  (12-15  inches)  is 
required  to  support  semidesert  vegetation.  Since 
rainfall  is  scarcely  one-third  that  amount  at  most 
of  these  stations,  the  region  is  clearly  under  the 
influence  of  an  extreme  desert  climate.  This  is 
expressed  by  the  nature  of  the  vegetation  in  the 
drier  part  of  the  desert  which  is  dominated  by 
a  Larrea-Franseria  community  that  is  markedly 
uniform  over  wide  areas,  very  simple  in  com- 
position, and  has  very  few  associates.  Larrea 
and  Franseria  retain  their  dominance  on  soils 
which  differ  greatly  in  depth  and  texture,  and 
they  are  also  the  chief  constituents  of  the  vege- 
tation of  deep  alluvium  as  well  as  volcanic,  or 
granitic,  or  metamorphic  terranes.  As  Shreve 
notes  (1951:49),  these  two  plants  are  either  dom- 
inant or  abundant  under  differences  of  substra- 
tum which  would  support  a  very  different  vege- 
tation under  somewhat  more  favorable  moisture 
conditions.  Their  dominance  is  due  to  the 
'■.  .  .  remarkable  physiological  constitution  of 
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Table  3.   Temperature  and  Water  Need  (A')  for  Stations  in  the  Northern  Sonoran  Desert  (see  text). 


Mean 
annual 
tempera- 
ture  C 

Mean 
annual 
range* 

Prec 

pitation 

** 

Water 

Need  = 

N  X  V 

Station 

mm 

inches 

index  (N) 

mm 

inches 

California 

Indio 
tBlythe 
tNeedles 

22.8 
23.1 
22.5 

21.7 

22.2 
23.4 

79 
81 
112 

3.1 
3.2 
4.4 

6.3 
6.4 
6.3 

401 
406 
401 

15.8 
16.0 

15.8 

Arizona 

Yuma 
tGila  Bend 
tWellton 

22.1 
22.3 
21.6 

20.9 
22.3 
22.8 

61 
142 
107 

2.4 
5.5 
4.2 

6.1 
6.2 
6.0 

386 
394 
381 

15.2 
15.5 
15.0 

Sonora 

Punta  Peiiasco 
tSan  Luis  Rio  Colo. 
tEl  Riito 

20.1 

23.1 
22.1 

18.5 
21.7 
20.9 

61 

52 
47 

2.4 
2.0 
1.8 

5.5 
6.4 
6.1 

348 
406 
386 

13.7 
16.0 
15.2 

Baja  California 

tMexicali 
tSan  Felipe 

22.4 

24.2 

20.9 
16.3 

75 
58 

2,9 

2.3 

6.2 
6.6 

394 
419 

15.5 
16.5 

*  Mean  annual  range  is  defined  by  the  difference  in  the  mean  temperature  of  the  warmest  and  the  coldest  months. 
**  For  the  localities  selected  here,  it  is  appropriate  to  think  of  the  upper  limit  of  precipitation  of  deserts  in  general,  defined 
by  a  moisture  index  of  V  =  2.5  (Bailey  1958).  Hence  the  precipitation  in  mm  (or  inches)  is  given  by  N  x  V.  which  for  Indio 
is  6.3  X  2.5  =  401  mm  (15.8  inches).  Since  the  actual  precipitation  at  Indio  is  only  79  mm  (3.1  inches),  it  is  apparent  that  this 
is  an  extreme  desert  locality. 
t  Stations  plotted  on  Fig.  17. 


these  shrubs,  and  also  to  the  simphcity  of  the 
flora,  which  has  given  them  Httle  competition.'' 
It  is  at  higher,  moister  levels  that  Larrea  gives 
way  to  a  rich  arboreal  desert  flora  in  which  Lar- 
rea is  a  subordinant  component  of  a  many-dom- 
inant community  composed  of  Acacia,  Carne- 
giea,  Lemaireocereus,  Lycium,  Opuntia, 
Pithecellohium.  Prosopis.  and  many  others,  and 
with  the  wetter  drainageways  supporting  Junip- 
erus.  Pinus,  Que  reus,  Platanus,  Populus,  Ro- 
binia,  Sapindus,  and  others  from  the  nearby 
woodland.  This  is  the  sort  of  a  semidesert  flora 
that  is  inferred  to  have  occupied  the  driest,  local 
areas  in  the  present  Sonoran  Desert  region  in 
the  Pliocene,  spreading  gradually  with  increas- 
ing drought. 

These  observations  are  consistent  with  the 
notion  that  Larrea  recently  entered  the  region 
from  South  America  (Axelrod  1950d:283),  an  in- 
ference consistent  with  its  absence  from  the 
Neotoma  midden  records  until  about  10,580  ± 
550  B.P.  At  that  time  it  is  recorded  in  the  Well- 
ton  Hills  (162-m  elevation)  in  western  Arizona, 
and  then  at  more  numerous  sites  in  younger  de- 
posits, as  reviewed  by  Wells  and   Hunziker 


(1976).  Granting  that  it  may  have  been  in  only 
isolated  dry  areas  early  in  the  Quaternary,  it 
nonetheless  seems  clear  that  it  has  become 
widespread  only  recently.  Its  evolution  into  dip- 
loid (n  =  13),  tetraploid  (n  =  26),  and  hexaploid 
(n  =  39)  chromosome  races  in  the  Chihuahuan, 
Sonoran,  and  Mohave  Deserts,  respectively, 
suggests  progressive  northward  movement  from 
an  original  (Chihuahuan?)  area  of  immigration 
from  South  America  (Wells  and  Hunziker  1976). 
Inasmuch  as  the  present  desert  lowlands  were 
occupied  by  conifer-oak  woodland  into  the  latest 
part  of  the  Wisconsin,  the  present  range  of  Lar- 
rea must  be  recent. 

In  each  of  these  deserts  the  individuals  of  Lar- 
rea have  multiplied  many  million-fold  in  the  re- 
cent past,  and  chiefly  since  about  9,000  B.P. 
Larrea  has  seemingly  spread  into  a  new  envi- 
ronment provided  by  the  hotter  and  drier  low- 
land basins  that  were  largely  open  because  con- 
ditions there  were  unsuited  for  taxa  of  the 
arboreal  desert  that  now  lives  above  it.  The  open 
lowland  environment,  in  which  competition  was 
reduced,  would  have  favored  the  easy  establish- 
ment of  Larrea  following  long-distance  dispers- 
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drought  during  the  middle  and  later  Cenozoic,  and  a  full  regional  desert  climate  emerged  only  at  the  close  of  the  period. 


al,  possibly  by  plover  during  the  close  of  the 
Wisconsin  (Wells  and  Hunziker  1976).  On  this 
basis,  the  lower  and  drier  parts  of  the  Sonoran 
Desert  now  dominated  by  Larrea-Franseria 
probably  supported  relatively  few  taxa  when 
Lanea  commenced  to  spread.  These  included 
occasional  grasses,  scattered  Fnmseiia,  a  few 
platyopuntias,  occasional  ocotillo.  and  with 
thickets  o{  Acacia  and  Prosopis  down  the  drain- 
ageways  which  were  probably  lined  with  a  few 
shrubs,  notably  Baccharis,  Hymcnoclea,  Lyci- 
um,  and  others.  The  nature  of  this  conjectured, 
pre-Larrea  environment  finds  a  parallel  today 
along  Highway  S-2  northwest  of  Ocotillo.  Cali- 
fornia, where  Larrea  is  quite  rare  locally  in  the 
desert.  However,  better  examples  occur  widely 
in  central  and  southern  Baja  California  where 
active  invasion  by  Lanea  is  now  in  progress.  It 
has  spread  rapidly  along  the  shoulders  of  the 
!k-"/  highway  as  well  as  in  nearby  stream  wash- 


es, yet  is  largely  absent  from  the  adjacent,  very 
attractive  desert. 

Summary 

Several  different  vegetation  zones  have  oc- 
cupied the  area  of  the  present  Sonoran  Desert 
since  the  Late  Cretaceous  (Fig.  18).  They  reveal 
a  shift  from  tropical  savanna  and  dry  tropic  for- 
est that  lived  under  relatively  well-watered  con- 
ditions and  mild  temperature,  to  woodland-sa- 
vanna, to  thorn  scrub  with  scattered  semidesert 
tracts  living  under  lower  moisture  and  moderate 
temperature,  to  a  more  recent  regional  desert  of 
protracted  drought  and  extreme  heat.  The  shift 
to  drier  climate  commenced  in  the  early  Eocene. 
The  Eocene  taxa  that  indicate  dry  climate  prob- 
ably originated  eariier  in  local  dry  sites  well  re- 
moved from  the  lowlands  where  the  sedimentary 
record  accumulated.  Drier  tracts  evidently  were 
provided  by  south-facing  slopes,  by  rainsha- 
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dows  in  the  lee  of  low  ranges,  and  by  rocky 
outcrops  composed  of  varied  substrates.  From 
such  restricted  areas,  taxa  already  adapted  to 
subhumid  to  semiarid  conditions  evidently  shift- 
ed into  the  lowlands  as  those  areas  became  pro- 
gressively drier.  That  the  taxa  spread  rather 
quickly  over  expanding  dry  areas  in  the  present 
Sonoran  region  during  the  Oligocene  and  later 
is  indicated  by  the  fossil  record  now  known  from 
southern  California  and  in  the  Rocky  Mountains 
where  dry  climate  was  well  established  during 
mid-Eocene  and  later  times. 

By  the  late  Eocene,  semidesert  vegetation 
may  have  occupied  restricted  dry  slopes  and  lee 
valleys  in  the  central  Sonoran  region  wherever 
precipitation  was  near  380  mm  (15  inches).  Lo- 
cal semidesert  tracts  gradually  increased  in 
number  and  in  size  as  the  trend  to  aridity  pro- 
gressed during  the  Miocene  and  Pliocene.  In  the 
middle  Pliocene,  the  driest  part  of  the  Tertiary, 
drier  valleys  and  interfluves  over  most  of  the 
region  probably  were  semidesert  or  desert-bor- 
der, presumably  with  an  aspect  like  that  now  at 
the  upper  edge  of  the  Sonoran  Desert  where  it 
is  replaced  by  grassland,  oak  woodland,  or  thorn 
scrub. 

Uplift  of  the  Peninsular  Ranges  and  the  Mex- 
ican Plateau  with  its  flanking  Sierra  Madre  dur- 
ing the  late  Pliocene  and  later  blocked  the  in- 
gress of  moisture  to  the  Sonoran  region  from  the 
Gulf  of  Mexico  and  also  from  the  Pacific.  In  ad- 
dition, the  increasingly  colder  California  Current 
now  confined  eastern  Pacific  hurricanes  and  ac- 
companying summer  rain  to  more  southerly 
areas.  These  factors  resulted  in  the  appearance 
of  more  numerous  and  drier  rainshadows,  and 
in  the  spread  of  hotter  and  drier  climate  over  the 
lowlands.  As  areas  of  semidesert  contracted 
during  the  moist  late  Pliocene  and  in  the  pluvial 
stages  of  the  Quaternary,  relict  stands  persisted 
in  local  dry  sites.  At  these  times  many  desert 
and  semidesert  taxa  were  confined  to  the  mois- 
ter  woodland,  grassland,  or  thorn  forest  zones 
which  dominated  the  present  desert,  environ- 
ments where  many  of  them  still  occur  today. 
Post-glacial  dry  climates  favored  the  rise  to 
dominance  of  desert  from  semidesert  vegetation 
which  had  earlier  occupied  most  of  the  dry 
areas.  Thus,  the  Sonoran  Desert  flora  attained 
its  greatest  extent  under  the  severe  climates  of 
the  later  interglacials,  and  especially  during  Xe- 
rothermic  and  Recent  times.  As  aridity  spread 
following  the  last  pluvial,  the  rich  Sonoran  Des- 


ert flora  that  had  dominated  the  lower  desert 
flats  retreated  into  the  bordering  hills  and  upper 
bajadas  which  earlier  were  covered  with  oak- 
pinon-juniper  woodland  or  thorn  forest.  This  left 
the  lowlands  essentially  open,  an  environment 
which  is  now  dominated  by  a  Larrea-Franseria 
community.  Lanea  appears  to  represent  a  post- 
glacial immigrant  into  the  region,  (Wells  and 
Hunziker  1976),  possibly  from  a  mid-Quaternary 
Chihuahuan  center,  and  thence  from  South 
America. 

EVOLUTION 

General  Remarks 

Evidence  presented  in  the  preceding  section 
indicates  that  plants  of  generally  subhumid  re- 
quirements appeared  initially  along  the  west 
coast  in  the  middle  Eocene  (Torrey  Sandstone 
flora),  that  they  were  also  well  established  over 
the  interior  at  this  time  (Green  River  flora),  and 
that  taxa  of  more  xeric  requirements  increased 
in  diversity  and  in  area  during  the  rest  of  the 
Tertiary.  It  is  inferred  that  taxa  of  semidesert 
requirements  probably  were  present  locally  in 
dry  valleys,  on  lee  slopes,  and  on  dry  edaphic 
substrates  in  the  central  Sonoran  region  in  the 
later  Eocene,  and  spread  gradually  as  aridity  in- 
creased. The  record  as  now  known  shows  that 
when  fossil  plants  allied  to  those  that  are  now 
in  desert  and  desert-border  areas  (i.e..  Acacia, 
Bur  sera.  Cardiospermum,  Celtis,  Mahonia, 
Prosopis.  Vauquelinia)  first  appear  in  the  rec- 
ord, their  affinity  with  living  species  is  quite  ap- 
parent. Inasmuch  as  many  of  them  are  of 
Eocene  age,  they  must  have  originated  in  earlier 
times.  This  raises  the  problem  of  the  origin  of 
the  plants  that  now  typify  the  Sonoran  Desert. 

The  plants  that  now  characterize  the  flora  of 
the  Sonoran  Desert  are  not  all  of  the  same  age. 
Some  (e.g.,  Fouquieria.  Koeherlinia.  Simmond- 
sia)  have  considerable  antiquity  because  they 
are  unique  adaptive  types  and  are  also  taxonom- 
ic  novelties  that  represent  ancient  families  w  hich 
are  well  isolated  from  other  alliances  (Axelrod 
1952:47;  1960:236).  Other  taxa  represent  genera 
(e.g..  Acacia,  Cardiospcrmum,  Ficus.  Randia, 
Sabal)  that  are  recorded  in  early  Tertiary  floras, 
the  species  of  which  do  not  differ  appreciably 
from  those  that  range  from  dry  tropic  woodland 
or  thorn  forest  into  the  Sonoran  Desert  today. 
In  addition,  some  genera  that  are  confined  to  the 
province  are  allied  to  those  that  are  marginal  to 
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Figure  19.     General  source  of  the  arid  to  semiarid  taxa  of  western  North  America  as  judged  from  the  data  in  Fig.  18. 


the  desert  (e.g..  Triteleopsis-Brodiaea,  Harfor- 
dia-Pterostegia)  and  evidently  have  been  de- 
rived from  them  (Wiggins  I960).  There  are  also 
many  desert  herbs  and  perennials  (e.g..  Astrag- 
alus. Chaenactis,  Eriogonum,  Eschscholzia, 
Cilia,  Mimulus,  Penstemon)  that  are  related  to 
species  in  the  moister  areas  that  now  border  the 
desert.  Finally,  some  annual  species  of  diverse 
genera  (e.g..  Boutoleoua.  Calandrinia,  Layia, 
Lasthenia  (=Baeria),  Lepidium,  Lomatiiim, 
Mimulus,  Montia,  Poa,  Stellaria,  Stipa,  Trifo- 
lium)  that  occur  in  the  desert  find  optimum  de- 
velopment in  moister  areas  outside  the  desert. 
They  appear  to  have  entered  the  area  during  the 
pluvials  and  to  have  persisted  there  as  desicca- 
tion progressed. 

The  origins  of  these  different  groups  may  be 
explained  by  the  hypothesis  that  the  forerunners 
of  the  plants  now  in  the  desert  were  adapted  to, 
and  were  selected  for,  survival  in  a  region  where 
there  was  a  general  trend  to  the  drier  and  hotter 
climate  that  spread  over  the  area  following  the 
liocene.  The  data  supporting  this  view  are  pro- 


vided by  (a)  fossil  plants  that  are  similar  to  those 
that  occur  in  the  desert  today,  but  lived  earlier 
in  more  mesic  communities,  (b)  fossil  species 
closely  allied  to  plants  that  range  from  moister 
regions  into  the  desert  at  the  present  time,  and 
(c)  inferences  that  may  be  drawn  from  the  past 
distribution,  as  well  as  the  evolutionary  and 
adaptive  relations,  displayed  by  taxa  of  the  So- 
noran  Desert  today.  Viewed  in  the  broadest  pos- 
sible manner,  the  taxa  of  the  Sonoran  Desert 
appear  to  represent  the  additions  during  time  of 
alliances  that  were  adapted  both  structurally  and 
functionally  to  a  climate  that  was  becoming  in- 
creasingly drier.  Inasmuch  as  the  oldest  taxa 
evidently  are  Cretaceous,  the  history  of  the  So- 
noran Desert  flora  is  bound  up  inseparably  with 
that  of  Cretaceous  angiosperms. 

Area 

Taxa  of  many  flowering  plant  families  appear 
to  have  originated  in  seasonally  dry,  tropical  re- 
gions by  the  middle  of  the  Cretaceous  (Axelrod 
1952,    1960,    1970,    1972;  Raven  and  Axelrod 
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1974).  That  the  basic  pattern  of  evolution  in  the 
regions  of  persistent  high-pressure  belts  has 
been  adaptation  to  drought  is  apparent:  each 
landmass  has  developed  a  distinctive,  autoch- 
thonous flora  adapted  to  a  dry  season.  Thus  it 
is  inferred  that  early  angiosperms  that  lived  in 
or  marginal  to  dry  climate  soon  became  adapted 
to  it.  They  radiated  into  its  driest  parts  which  in 
Cretaceous  time  were  nowhere  as  extreme  as 
those  now  in  the  dry  tropics,  apart  from  local 
edaphic  sites  which  probably  served  as  impor- 
tant evolutionary  centers  (Axelrod  1972)  (Fig. 
19). 

As  reviewed  above,  the  fossil  record  demon- 
strates that  the  early  evolution  of  taxa  adapted 
to  dry  climate  took  place  in  response  to  the 
spread  and  increasing  severity  of  seasonal 
drought  and  higher  summer  temperatures  over 
southwestern  North  America.  This  is  shown  by 
the  early  appearance  of  taxa  that  represent  dry 
tropical  (short-tree  forest,  thorn  forest)  and 
warm  temperate  vegetation  (woodland-chapar- 
ral) at  low-middle  latitudes  on  the  west  coast 
(Torrey  Sandstone  flora)  and  in  the  interior 
(Green  River  flora).  Inasmuch  as  moister  cli- 
mates were  present  farther  north,  and  presum- 
ably farther  south,  the  presence  of  drier  climate 
over  the  lower  middle  latitudes  seems  reason- 
ably established.  In  addition,  successively  youn- 
ger floras  show  that  taxa  of  woodland,  short-tree 
forest,  and  thorn  forest  vegetation  radiated  away 
from  their  inferred  general  area  of  origin.  This 
also  implies  an  evolution  of  dry-adapted  taxa 
over  the  low-middle  latitudes,  a  region  where  a 
high  pressure  system  regularly  develops  and  re- 
sults in  less  frequent  and  seasonal  rainfall.  Fi- 
nally, the  adaptive  relations  of  many  taxa  in  des- 
ert and  desert-border  regions  imply  that  they 
were  derived  from  alliances  that  occur  today  in 
bordering,  tropical  and  warm-temperate  regions 
of  moderate  rainfall.  This  again  suggests  that  the 
area  of  the  present  desert  has  been  the  center 
for  the  origin  of  taxa  that  are  now  typical  of  the 
region.  However,  this  does  not  mean  that  des- 
erts are  of  ancient  origin:  the  fossil  record  dem- 
onstrates that  forests,  savannas,  and  woodlands 
covered  the  area  of  the  present  Sonoran  Desert 
from  the  Late  Cretaceous  well  into  Neogene 
time  (Fig.  18). 

Sources 
Two  major  floristic  sources  contributed  taxa 
to  the  xerophyllous  vegetation  of  western  North 


America  (Fig.  20).  The  chief  source  was  basi- 
cally tropical,  derived  from  the  sequence  tropi- 
cal savanna  -^  dry  tropic  forest  — *  thorn  forest 
by  gradual  adaptation  to  decreased  moisture. 
This  is  implied  by  the  successive  kinds  of  vege- 
tation that  have  occupied  the  present  area  of  the 
desert  during  the  Tertiary.  It  may  also  be  in- 
ferred from  the  similar  pattern  of  adaptations 
shown  by  plants  along  the  present  gradient  from 
savanna  to  dry  tropic  forest,  thorn  forest,  and 
tropical  (Sonoran)  desert.  Phylads  of  numerous 
genera,  including  species  of  Acacia,  Bauhinia. 
Cacsalpinia ,  Cactaceae.  Diospyros.  Ficus. 
Goiiania,  Haematoxylon,  Jatropha,  Lysiloma. 
Randia.  Trichilia,  Zanthoxylon.  and  many  oth- 
ers, display  a  gradual  reduction  in  stature,  a  de- 
crease in  leaf  size,  a  more  rapid  response  to  a 
briefer  period  of  growth  and  flowering,  and  a 
progressively  shorter  growing  season  as  the  des- 
ert is  approached.  In  addition,  many  of  the  high- 
ly specialized  adaptive  types  that  occur  in  the 
savanna  forest,  dry  tropical  forest,  and  thorn 
forest  range  along  a  successively  drier  climatic 
gradient  that  extends  into  the  desert.  Not  only 
is  there  a  progression  of  related  taxa  from  mois- 
ter into  drier  vegetation  zones,  but  also  these 
zones  replace  one  another  as  climate  becomes 
drier,  as  can  be  seen  today  in  Sonora  and  south- 
ern Baja  California.  In  the  latter  area  (Figs.  21- 
24).  arborescent  cacti  become  progressively 
more  prominent  in  the  landscape  as  the  stature 
of  the  vegetation  decreases  and  becomes  more 
open  as  rainfall  is  lowered.  It  is  this  decrease  in 
moisture  that  gives  rise  to  the  sequence  arid 
tropic  forest  -^  arid  tropic  scrub  — >  desert.  The 
shift  involves  a  decrease  of  from  760-635  mm 
(30-25  inches),  to  635-380  mm  (25-15  inches), 
to  less  than  380  mm  (15  inches)  in  the  desert. 
The  giant  columnar  cacti  attain  maximum  size 
in  the  dry  tropic  forest  and  scrub  and  in  the  up- 
per (moister)  part  of  the  Sonoran  Desert.  They 
gradually  decrease  in  numbers  and  disappear  as 
the  more  arid  microphyllous  desert  takes  over 
in  the  driest  areas.  The  shift  corresponds  to  the 
several  subprovinces  of  the  Sonoran  Desert  de- 
scribed by  Shreve  (1951).  notably  the  crassicau- 
lescent.  sarcocaulescent.  and  microphyllous 
deserts.  Thus,  the  arborescent  cacti  become 
more  prominent  as  members  of  the  landscape, 
but  probably  not  in  numbers,  as  the  trees  and 
large  shrubs  are  restricted  to  areas  of  somewhat 
higher  precipitation,  it  probably  was  only  along 
the  northern  part  of  the  Sonoran  Desert  region 
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Figure  20.     Inferred  area  of  early  ancestral  populations  of  xeric-adapted  taxa  which  spread  with  expanding  dry  climate. 


that  the  arborescent  cacti  were  eliminated  tem- 
porarily during  the  glacial  ages,  for  they  are  ex- 
tremely frost  sensitive  (Shreve  1911;  Turnage 
and  Hinckley  1938).  Thus,  in  southern  Arizona 
and  northern  Baja  California  they  appear  to  have 
reinvaded  the  present  desert  area  as  tempera- 
tures moderated  in  post-glacial  time.  Elsewhere 
they  appear  to  be  the  hardy  suivivors,  the  relicts 
of  more  mesic  arid  tropic  scrub  and  forest  that 
earlier  covered  the  area.  Clearly,  a  trend  to 
drought  would  further  restrict  the  dry  tropic  for- 
est and  arid  tropic  scrub  (or  thorn  forest)  at  the 
expense  of  desert.  Such  a  trend  characterized 
the  middle  and  later  Tertiary  and  best  accounts 
for  the  present  relations  (Fig.  18). 

That  the  chief  source  for  the  genera  of  the 
Sonoran  Desert  flora  have  been  the  dry  tropics 
is  evident  from  the  quantitative  data  presented 
hy  Rzedowski  (I973:table  3).  Of  the  272  genera 


in  the  Sonoran  Desert  flora,  53%  also  occur  in 
the  dry  tropical  deciduous  forests  of  southern 
Sonora  and  28%  are  in  the  dry  forests  of  Jalisco 
and  Colima.  Furthermore,  47%  of  the  genera  in 
the  Chihuahuan  Desert  flora  also  occur  in  the 
tropic  deciduous  forests  of  southern  Sonora,  and 
18%  occur  farther  south  in  the  dry  tropic  forests. 
Although  quantitative  data  are  not  now  avail- 
able, it  is  critical  to  note  that  the  semidesert  of 
the  Tehuacan-Cuicatlan  valley  rapidly  gives  way 
(near  Coxcatlan)  to  a  thorn  forest.  As  noted  by 
Smith  (1965)  and  Rzedowski  (1973),  and  ob- 
served by  me  as  well  (April  1977),  there  is  a 
marked  floristic  affinity  between  the  tropical  ele- 
ments of  the  Tehuacan-Cuicatlan  valley  with 
those  of  the  dry  tropic  forest  and  scrub  of  the 
Pacific  coast.  Clearly,  a  detailed  study  of  the 
floristic  affinities  of  the  flora  of  the  Tehuacan- 
Cuicatlan  valley  can  provide  much  needed  crit- 
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Figures  21  and  22.  {Upper)  Fig.  21.  Dry  tropic  forest  (Cape  Forest)  in  Cape  Region,  Baja  California.  Note  columnar  cacti 
are  largely  obscured  by  the  tall  trees.  (Lower)  Fig.  22.  Dry  tropic  scrub.  Cape  Region  of  Baja  California.  Columnar  cacti 
become  more  conspicuous  as  stature  of  taxa  in  vegetation  decreases  in  response  to  lower  rainfall. 
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Figures  23  and  2^.  ^L,,^,^!  >  ;  ig.  2}.  Uiy  tropic  scrub.  Cape  Region  of  Baja  California.  Vegetation  is  lower  in  stature  and. 
columnar  cacti  are  more  conspicuous  than  in  Fig.  22.  (Lower)  Fig.  24.  Sonoran  Desert  vegetation.  Cape  Region  of  Baja 
California.  Precipitation  here  is  about  2?0-30O  mm  (approximately  10-12  inches)  less  than  in  the  lower  part  of  dry  tropic  forest 
(Fig.  21). 
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ical  information.  At  present,  the  flora  seems  best 
regarded  as  a  relict  from  the  late  Tertiary,  sur- 
viving under  an  equable  climate  and  recently 
isolated  from  the  Chihuahuan  region  by  volcan- 
ism  (see  below). 

The  evidence  implies  that  it  was  chiefly  from 
the  more  arid  phases  of  dry  tropic  forest  and 
savanna  that  derived  taxa  contributed  not  only 
to  an  impoverished  and  dwarfed  dry  tropic  for- 
est (  =  short-tree  forest)  but  to  thorn  forest  as 
well.  These  vegetation  types  were  already  dif- 
ferentiated by  the  middle  Eocene,  as  shown  by 
the  composition  of  the  Green  River  flora  of  the 
central  Rocky  Mountains  and  by  the  middle  and 
late  Eocene  floras  of  the  Atlantic  and  Gulf  coast- 
al plain  (Berry  1916,  1924,  1930,  1934),  where 
dry  beach-jungle  vegetation  is  well  represented 
and  where  a  dry  tropic  forest  extended  west- 
ward into  south-central  Texas  (Ball  1931,  1939). 
Furthermore,  evidence  provided  by  the  pollen 
record  in  the  Torrey  Sandstone  implies  that  dry 
thorn  forest  was  already  present  in  that  area  in 
the  middle  Eocene,  which  is  consistent  with  the 
nature  of  the  Green  River  and  Claiborne  floras. 
The  latter  has  a  number  of  taxa  that  represent 
beach-jungle  vegetation  which  represents  an 
edaphically  controlled  thorn  forest  or  dry  short- 
tree  forest  that  reached  into  moister  forest  belts 
in  favorable  dry  areas — as  it  does  today. 

The  second  source  for  plants  that  contribute 
to  the  Sonoran  Desert  area  is  referable  to  vege- 
tation that  adapted  to  a  progressively  drier  en- 
vironment for  evergreens.  In  this  regard,  first 
note  that  Rzedowski  (1973:table  3),  in  his  anal- 
ysis of  the  relations  of  the  arid  floras  of  Mexico, 
estimates  that  24%  of  272  genera  in  the  Sonoran 
Desert  and  42%  of  the  258  genera  in  the  Chi- 
huahuan Desert  occur  also  in  the  pine-oak  for- 
ests of  Durango.  That  adaptation  was  primarily 
to  increasing  drought  may  be  inferred  from  the 
sequence  of  vegetation  zones  that  lies  along  a 
gradient  of  increasing  aridity  from  dry  evergreen 
forest,  into  short-tree  forest,  sclerophyll  wood- 
land, dry  evergreen  thicket,  and  evergreen  bush- 
land  (see  Fig.  20),  members  of  which  also  con- 
tribute to  semidesert  and  desert  habitats  (e.g., 
Cenocarpus,  Forchammeria.  Garry  a,  Mahon- 
ia,  Quercus,  Rhus,  Simmondsia,  Vauquclinia). 
Phylads  in  these  vegetation  zones  display  a 
gradual  decrease  in  stature,  in  leaf  size,  and  in 
periodicity  of  response  to  growth  and  flowering 
in  proceeding  to  drier  areas.  These  different 
types  of  vegetation  had  also  originated  by  the 


middle  Eocene,  for  taxa  of  short-tree  forest,  ev- 
ergreen woodland,  and  thicket  ("'chaparral")  are 
in  the  Torrey  Sandstone,  Green  River,  Clair- 
borne,  and  Jackson  floras,  and  some  are  also  in 
the  early  Eocene  to  Late  Cretaceous  floras  (Ax- 
elrod  1958).  Included  in  this  group  are  Accuia, 
Bumelia,  Cercocarpus,  Clethra.  Colubrina, 
Cordiu,  Dodonaca,  Karwinskia.  Lantana.  Mo- 
ras, Per  sea.  Plat  anus.  Que  reus,  Sahal,  Thoui- 
nia,  Vitex,  and  others. 

These  general  relations  are  well  exemplified 
by  the  idealized  sketches  of  seasonal  vegetation 
types  presented  by  Beard  ( 1955).  In  a  time  sense 
(Fig.  25),  regard  the  formation  series  on  the  left 
as  Late  Cretaceous-Paleocene  in  age,  with  the 
reduction  in  stature  and  composition  and  grad- 
ual change  in  vegetation  taking  place  as  pro- 
gressively drier  climate  spread  during  Eocene 
and  later  times.  Deciduous  seasonal  forest  gave 
way  to  thorn  forest  in  the  Sonoran  region  in  the 
Miocene  and  dry  evergreen  woodland  to  dry  ev- 
ergreen thicket  in  the  Pliocene  as  semidesert 
scrub  rose  to  dominance  locally  in  the  driest 
parts  of  the  region. 

Mode 

The  spread  of  progressively  drier  climate  over 
southwestern  North  America  provided  the  chief 
stimulus  for  the  evolution  of  desert  taxa.  Steb- 
bins  (1952)  showed  that  several  factors  tend  to 
promote  rapid  evolution  in  dry  areas.  First,  in 
seasonally  dry  areas  local  diversity  of  terrain, 
soil,  and  exposure  have  a  greater  control  on 
plant  distribution  than  in  areas  where  precipi- 
tation is  adequate.  Second,  since  very  different 
plant  communities  commonly  occur  in  proximity 
in  dry  regions,  local  geographic  isolation  of  taxa 
in  them  provides  a  basis  for  the  origin  of  isolat- 
ing mechanisms,  and  hence  for  speciation.  Even 
with  normal  climatic  fluctuation  (moister  and 
drier  cycles),  the  migration  of  the  resulting  frag- 
mented populations  would  enable  nev\  gene 
combinations  to  become  established  in  the 
smaller  units,  and  by  merging  of  previously  iso- 
lated populations,  the  opportunity  for  rapid  evo- 
lution would  be  increased  through  hybridization, 
introgression.  and  mutation.  And  third,  plants 
may  become  adapted  to  drier  climate  by  devel- 
oping varied  specialized  structures  or  responses, 
notably,  reduced  leaf  size;  deciduous  habit; 
scales  or  hairy  covering;  diverse  water-storage 
organs  in  trunks  (cacti),  underground  bulbs,  or 
corms;  extensive   root   systems;  small  annual 
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Figure  25.     Sequence  of  modem  vegetation  arranged  according  to  increasing  .drought  (Beard,  1955).  The  same  general 
succession  appears  to  account  for  the  development  of  desert  vegetation  in  southwestern  North  America  (compare  Fig.  14). 


habit;  aphylly  with  green  stems;  rapid  flowering; 
and  rapid  seed  production.  Clearly,  the  great 
array  of  life  forms  possible  in  warm,  dry  regions 
would  tend  to  favor  divergent  evolution  in  many 
ancient,  ancestral  alliances. 

The  role  of  aridity  in  southwestern  North 
America  was  not  due  solely  to  its  location  in 
low-middle  latitudes  where  climate  was  gradu- 
ally becoming  drier.  The  region  has  been  active 
tectonically  since  the  Late  Cretaceous,  produc- 
ing a  varied  terrain  with  rainshadows  and  lee 
slopes  that  were  drier  than  the  regional  climate. 
Furthermore,  diverse  rock  types  provided  local 
sites  drier  than  those  normally  in  the  region.  In- 
asmuch as  local  rainshadows  and  xeric  edaphic 
sites  were  drier  than  regional  climate,  selection 
for  dry-adapted  taxa  would  be  strong,  and  evo- 
lution would  be  accelerated  greatly  (Axelrod 
l%7:fig.  1).  As  a  result,  new  adaptive  types 
could  appear  in  local  dry  areas  at  a  very  early 
date,  they  would  persist  inasmuch  as  dry  sites 

ere  present,  and  they  would  spread  and  evolve 


further  as  the  regional  trend  to  aridity  acceler- 
ated. 

Late  Cretaceous  and  Paleocene  floras  of 
southwestern  North  America  show  that  lowland 
areas  were  well  watered  with  high  water  table. 
Hence,  the  driest  sites  must  have  been  confined 
to  lee-  and  south-facing  slopes  and  to  intrarange 
valleys,  as  in  savanna  regions  today.  During  the 
Late  Cretaceous-Paleocene,  a  broad  epeiric  sea 
was  withdrawing  from  southwestern  North 
America.  At  the  same  time,  orogenic  move- 
ments were  building  up  scattered  low  ranges 
over  the  region  and  there  also  were  local  areas 
of  volcanism  which  continued  into  the  Eocene 
and  later.  These  topographic  changes,  occurring 
in  a  region  of  subtropical  to  warm  temperate  cli- 
mate with  a  dry  winter  season,  greatly  increased 
environmental  diversity  over  the  area.  Since 
taxa  of  tropical  and  warm  temperate  vegetation 
zones  were  already  adapted  to  a  period  of  slight 
to  moderate  drought  in  the  savanna  and  border 
areas,  the  development  of  somewhat  drier  con- 
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Figure  26.     The  general  area  of  seaways  on  the  continent  has  decreased  progressively  since  the  Late  Cretaceous,  bringing 
greater  ranges  of  temperature  and  reduced  precipitation. 


ditions  in  the  lee  of  low  mountains  and  volcanic 
terrains  would  have  stimulated  the  rapid  evolu- 
tion of  any  preadapted  taxa.  In  brief,  the  ap- 
pearance of  drier  tracts  corresponded  to  the 
opening  up  of  a  major,  new  adaptive  zone  which 
expanded  during  the  rest  of  the  Tertiary  (Figs. 
18-20)  and  enabled  taxa  to  spread  into  the  ex- 


panding zone  which  culminated  in  the  present 
desert. 

Attention  must  be  directed  to  the  evolutionary 
significance  that  major  changes  in  land-sea  re- 
lations had  during  the  Late  Cretaceous  and  Ter- 
tiary. The  Cretaceous  sea  that  bisected  North 
America  retreated  rapidly  at  the  close  of  the  pe- 
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riod.  By  Paleocene  time  the  Cannonball  Sea  was 
but  a  remnant  of  the  former  inundation,  and  by 
the  Eocene  the  sea  was  confined  to  the  Missis- 
sippi Embayment,  extending  from  near  Cairo, 
lUinois,  southwesterly  through  eastern  Arkan- 
sas-Texas, and  thence  south  along  the  coastal 
strip  of  Mexico  (Fig.  26).  It  is  well  established 
that  seas  are  great  conservers  of  heat  and  mod- 
erate climate,  whereas  land  areas  dissipate  heat 
and  bring  greater  seasonal  contrasts.  Retreat  of 
the  epeiric  sea  during  the  Tertiary  thus  brought 
increasing  ranges  of  temperature,  and  hence  an 
effectively  cooler  climate  to  the  region.  In  ad- 
dition, as  the  western  interior  was  being  elevat- 
ed, temperature  extremes  increased  and  cooler 
climates  spread.'  Clearly,  tropical  and  border- 
tropical  (warm  temperate)  alliances  in  drier 
areas  that  had  earlier  adapted  to  gradually  low- 
ered temperature  were  now  becoming  adapted 
to  penetrate  into  cooler  areas  of  higher  relief 
over  the  region.  Thus,  many  taxa  of  subhumid 
to  semiarid  requirements  that  originated  in  warm 
climates  at  low  elevations  were  able  to  persist 
over  the  Chihuahuan  and  Hidalgan  areas  where 
drier,  cooler  climates  spread  as  the  Mexican  pla- 
teau and  the  bordering  Sierra  Madre  were  ele- 
vated in  the  late  Cenozoic. 

Regarding  the  origin  of  taxa  in  spreading  dry 
regions,  it  is  emphasized  that  while  a  "new" 
environment  is  necessary  for  the  spread  of  prod- 
uct of  rapid  evolution,  it  is  not  necessary  for  its 
evolution  per  se .  The  chief  factor  in  adaptation 
to  dry  areas  is  not  the  decrease  in  precipitation 
which  makes  the  shift  probable,  but  the  length 
and  severity  of  the  dry  period.  We  seem  too 
preoccupied  with  measuring  the  rainfall,  when 
in  fact  we  should  be  measuring  the  duration,  the 
severity,  and  the  frequency  of  drought — which 
is  of  course  more  difficult.  It  is  implicit  that  the 
shift  from  one  adaptive  zone  to  another  is  rapid 
and  sharp  (Simpson  1953),  though  it  must  be 
across  an  ecotone  if  equilibrium  is  to  be  main- 
tained. Since  local  dry  areas  have  steep  rainfall 
gradients,  it  is  the  duration  of  the  period  of 
drought  along  this  local  gradient,  not  low  rainfall 
per  se,  that  is  the  crucial  environmental  factor 
in  dry  regions.  A  region  with  380  mm  (15  inches) 


'  Recall  that  the  normal  terrestrial  lapse  rate  is  0.55  C/100 
m  (or  3  F/ 1,000  ft).  With  a  regional  uplift  of  1,000  m,  mean 
annual  temperature  would  be  reduced  5.5  C;  or,  3,000  ft  re- 
gional uplift  lowers  mean  annual  temperature  9  F  (see  Axelrod 
and  Bailey  1976:238-241). 


precipitation  well  spread  through  the  year  may 
support  woodland-savanna  or  grassland,  but  if 
it  is  concentrated  in  2  or  3  months  and  is  fol- 
lowed by  high  temperature,  desert  or  semidesert 
vegetation  may  result.  Rapid  evolution  may 
therefore  be  particularly  favored  in  the  driest 
parts  of  a  dry  environment,  in  sites  with  a  more 
prolonged  and  persistent  drought  owing  to  the 
reduced  or  less  effective  rain,  as  in  edaphically 
dry  sites  especially  (Axelrod  1972).  These  ob- 
servations seem  meaningful  in  an  evolutionary 
sense  because  local  dry  areas  may  appear  "in- 
stantaneously" in  a  geologic  sense.  Further- 
more, in  such  areas  competition  is  reduced  and 
hence  favors  the  establishment  of  a  new.  pre- 
adapted  taxon.  Since  the  origin  of  a  new  taxon 
involves  adaptation  to  a  new  environmental  re- 
lation, a  spreading  area  of  more  extreme  drought 
would  enhance  opportunities  for  the  origin  and 
continuing  diversification  of  new  taxa. 

New  taxa  probably  originated  as  rapidly  as 
new  dry  sites  appeared  as  a  result  of  volcanism 
and  mountain  building.  There  would  be  strong 
selection  for  alliances  preadapted  to  drier  areas. 
Dry  sites  would  appear  much  sooner  (1  to  20 
million  years)  on  dry  south  or  lee  slopes,  in  local 
rainshadows,  and  in  narrow,  deep,  intramontane 
valleys  than  on  broad,  well-watered,  lowland 
floodplains  with  high  water  table  where  the 
plants  of  more  mesic  requirements  were  con- 
tributing to  the  bulk  of  the  older  geologic  record 
(see  Axelrod  1967).  The  small  populations  may 
therefore  have  evolved  rapidly  in  local  dry  areas 
without  leaving  a  fossil  record.  Such  restricted 
dry  areas  probably  were  sites  for  rapid  evolution 
because  /)  the  taxa  were  already  adapted  to 
some  seasonal  drought,  and  2)  there  was  strong 
selection,  with  a  linear  component  imposed  a) 
by  a  gradient  to  a  greater  duration  of  drought 
toward  the  center  of  each  local  dry  area,  and  b) 
by  a  secular  trend  to  an  increasingly  longer  and 
more  severe  season  of  protracted  and  extreme 
drought.  Under  such  dynamic  conditions,  the 
drier  areas  drew  small  populations  into  their 
centers,  much  as  a  whirlpool  draws  in  debris 
from  the  surrounding  area. 

These  local  dry  areas,  which  ranged  from  hot 
lowlands  to  dry  montane  sites  of  more  equable 
climate,  were,  in  essence,  the  areas  where  the 
emerging  new  dry  vegetation  zones  (dry  tropic 
forest,  short-tree  forest,  thorn  forest,  pine-oak 
woodland,  grassland)  appeared  that  were  later 
to  spread  out  over  the  lowlands  as  the  period  of 
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drought  progressively  lengthened  and  as  in- 
creasing ranges  of  temperatures  added  to  its  se- 
verity. Furthermore,  since  local  dry  areas  be- 
came even  drier  in  time,  small  divergent 
populations  that  were  adapted  to  somewhat  lon- 
ger periods  of  drought  would  continue  to  evolve 
in  them,  sending  out  new  waves  of  taxa.  In  this 
manner,  restricted  dry  sites  probably  would 
serve  as  persistent  evolutionary  pockets  for  new 
taxa  that  were  more  highly  adapted  to  the  cli- 
mates of  increasingly  greater  drought  that 
spread  over  the  region. 

The  scattered,  spotwise  distribution  of  these 
early  populations  in  local  dry  sites  was  signifi- 
cant also  in  molding  plant-animal  ecosystems 
which  developed  in  concert  with  the  evolution 
of  the  taxa  themselves.  The  role  of  scattered 
environments  ("patchiness")  in  welding  togeth- 
er unrelated  taxa  into  a  closely  knit,  functioning 
ecosystem  has  been  reviewed  in  a  notable  paper 
by  Wiens  ( 1976).  I  can  add  to  his  cogent  obser- 
vations that  the  roots  of  all  ecosystems  extend 
in  modified  form  far  down  into  the  past.  The 
preceding  discussion  shows  that  the  historical 
development  of  any  ecosystem  can  best  be 
understood  by  consulting  the  fossil  record.  Mea- 
ger and  incomplete  though  it  is,  it  provides  the 
only  factual  basis  for  interpreting  the  successive 
changes  that  gave  rise  to  the  modern  ones.  Many 
ecosystems  directly  ancestral  to  those  of  the 
present  have  been  established  for  scores  of  mil- 
lions of  years,  as  shown  by  the  history  of  scler- 
ophyll  vegetation,  conifer  forest,  temperate 
(montane)  rainforest,  dry  tropic  forest,  and  oth- 
ers. By  contrast,  desert  vegetation — like  the 
tundra — emerged  as  a  regional  (zonal)  ecosys- 
tem only  recently,  as  has  coastal  sage  scrub 
(Axelrod  1978). 

The  preceding  discussion  of  the  probable 
area,  source,  and  mode  of  evolution  of  taxa  that 
contributed  to  subtropical  and  tropical  desert 
vegetation  appears  to  account  also  for  the  dif- 
ferent grades  of  evolution  displayed  by  plants  in 
the  Sonoran  and  bordering  tropical  deserts  to- 
day. Recalling  that  all  taxa  do  not  evolve  at  the 
same  rate  and  that  the  rate  may  change  in  time 
(see  Simpson  1953;  Stebbins  1974),  the  different 
grades  of  morphologic  diversity  exhibited  by 
modern  desert  taxa,  for  instance  the  coexistence 
of  Carnegiea  and  Fouquieria  with  Eschschol- 
zia  and  Camissonia  probably  are  to  be  correlat- 
ed largely  with  the  times  they  originated,  as 
judged  from  direct  (fossil)  and  indirect  evidence. 


However,  it  must  be  emphasized  that  for  the 
most  part  the  time  of  origin  of  taxa  did  not  cor- 
respond with  the  time  that  they  entered  into  the 
matrix  of  desert  vegetation.  That  event  occurred 
much  later.  It  was  the  result  of  the  long  period 
of  adaptation  by  millions  of  generations  to  pro- 
gressively increasing  aridity.  During  this  time 
their  responses  and  structures  were  continually 
being  perfected  and  modified  to  live  in  an  emerg- 
ing, spreading,  dry  zone  that  was  becoming  pro- 
gressively more  extreme  both  in  the  duration  of 
the  period  of  drought  and  in  the  severity  of  tem- 
perature extremes. 

The  different  grades  of  morphologic  diversity, 
as  represented  by  widely  divergent  groups  of 
taxa.  thus  appear  to  have  originated  at  different 
times.  They  are  the  survivors  of  ancient,  as  well 
as  more  recent,  taxa  that  have  been  able  to  adapt 
to  the  present  extreme  environment  of  the  des- 
ert. Their  times  of  origin  can  be  considered  con- 
veniently in  terms  of  their  relative  age.  This  does 
not  mean  that  there  were  hiatuses  in  the  tempo 
of  evolution,  but  rather  that  evolution  has  been 
continuous  and  that  there  are  both  ancient  as 
well  as  more  recent  taxa  in  the  desert.  Thus,  the 
subtropical  Sonoran  Desert  has  numerous 
woody  taxa — both  ancient  and  more  recent — 
and  is  also  salted  with  diverse  annuals  and  pe- 
rennials from  bordering  regions  in  the  mountains 
and  on  the  upper  slopes  of  the  desert,  as  well  as 
alliances  from  more  distant  areas.  The  times  that 
these  divergent  groups  appear  to  have  originated 
can  now  be  considered. 

Results 
Late  Cretaceous 

Ancestors  of  plants  assigned  to  this  early 
phase  are  represented  today  by  monotypic  fam- 
ilies and  unique  genera  that  appear  to  have  been 
derived  from  alliances  that  adapted  to  dry  trop- 
ical and  warm  temperate  climates  at  an  early 
date.  They  are  believed  to  have  considerable 
antiquity  because  they  are  well  isolated  taxo- 
nomically.  Included  here  are  the  following  7 
families:  Cactaceae  (many  genera);  Crossoso- 
mataceae  (Crossosonui  |2  spp.|);  Fouquieri- 
aceae  (Fouquieria  [8  spp..  incl.  Idria,  Hendrick- 
son  1972]);  Garryaceae  (Gorrya  [ca.  8  spp.]); 
Koeberliniaceae  (Koeherlinia  [\  sp.]);  Kramer- 
iaceae  (Krameria  |8  spp.]);  Simmondsiaceae 
(Simmondsia  \\  sp.|).  As  for  the  uniqueness  of 
some  of  these  families,  the  Fouquieriaceae  in- 
cludes tree  succulents  (sect.  Idriu)  as  well  as 
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highly  branched  shrubs  with  peculiar  xero- 
morphic  features,  notably  the  mode  of  spine  de- 
velopment, the  formation  of  hard  decurrent 
ridges,  and  the  anastomosing  cortical  water- 
storage  tissues,  as  outlined  by  Hendrickson 
(1972).  Its  phyletic  relations  are  not  established; 
it  has  been  placed  in  Polemoniales,  Tamaricales, 
Ebenales,  and  Violales!  (Why  not  in  the  Fou- 
quieriales?)  The  Cactaceae  are  also  unique  and 
have  undergone  considerable  diversification  in 
body  type.  The  family  is  often  placed  in  its  own 
order  (Cactales)  or  in  Caryophyllales.  Simmond- 
siaceae  includes  one  xeromorphic  evergreen 
sclerophyllous  shrub  of  the  upper  desert  slopes. 
In  addition,  to  these  we  can  add  a  number  of 
very  distinct  genera  (some  monotypic)  in  their 
respective  families  that  contribute  to  the  Sono- 
ran  Desert  flora  but  which  are  centered  chiefly 
in  warmer,  moister  regions  to  the  south  or  on 
the  moister  slopes  above  the  desert,  notably: 
Agavaceae  (Beaucarnea,  Dasylirion,  Nolina, 
Yucca);  Arecaceae  {Brahea,  Sabal,  Washing- 
tonia);  Capparaceae  (.Atomisqiiaea,  Forcham- 
ineria);  Saxifragaceae  (Fendlera)\  Rosaceae 
(Ccrcocarpus,  Fcillugia,  Purshia,  Vauquelinia); 
Mimosaceae  (Acacia,  Prosopis)\  Caesalpini- 
aceae  (Bauhinia,  Cercidium,  Haematoxylon, 
Parkinsonia);  Fabaceae  (Erythrina,  OIneya.  Pis- 
cidia)\  Zygophyllaceae  (Guaiacum,  Viscainoa); 
Rutaceae  (Choisya  [Astrophyllum],  Zanthoxy- 
lum)\  Simaroubaceae  (Castela,  Holocantha); 
Burseraceae  (Bursera);  Euphorbiaceae  (Phyl- 
lanthus,  Sapium.  Tetracoccus);  Anacardiaceae 
(Pachycormus,  Schmaltzia)\  Celastraceae  (Can- 
otia)\  Rhamnaceae  (Adolphia,  Ceanothus  [sect. 
Cerastes],  Condalia,  Colubrina,  Microrham- 
nus,  Rhamnus  [sect.  Crocei\\  Bignoniaceae 
(Chilopsis).  They  evidently  have  considerable 
antiquity  because  the  families  to  which  they  be- 
long were  already  present  in  the  Late  Creta- 
ceous-Paleocene,  yet  the  desert  novelties  do  not 
have  obvious  affinities  with  living  genera.  For 
example,  the  Anacardiaceae  are  known  from  the 
Cretaceous  and  Rhus  is  in  the  Eocene,  yet  no 
known  genus  provides  a  link  to  the  isolated, 
monotypic  Pachycormus  of  the  Sonoran  Desert. 
The  Rosaceae  are  recorded  in  the  Cretaceous 
and  the  unique  Vauquelinia  is  in  the  Eocene 
(Green  River,  Wilcox  floras).  This  implies  a 
long,  unrecorded  history  and  the  extinction  of 
various  taxa  that  must  have  linked  them  with 
the  living  Vauquelinia.  Similarly.  Rhamnaceae 
■'MG.  in  the  Cretaceous,  yet  Ceanothus  subgenus 


Cerastes  (evergreen  shrubs)  is  not  clearly  allied 
to  any  other  living  taxon  in  the  family. 

Antiquity  for  palms  is  consistent  with  the  oc- 
currence of  quite  modern  taxa  in  the  Late  Cre- 
taceous. Drugg  (1967)  reports  that  grains  "par- 
ticularly close  to  the  pollen  of  the  extant  genera 
Sabal  and  Washingtonia''  are  in  the  Late  Cre- 
taceous of  the  central  California  Coast  Ranges. 
Sabal  is  widely  recorded  in  the  Eocene  and  Pa- 
leocene  floras,  and  various  genera  (Brahea 
[=Erythea\,  Sabal.  Washingtonia)  contribute  to 
the  Sonoran  Desert  flora  today.  The  relations 
suggest  that  other  plants  of  generally  similar 
adaptive  habit  may  have  also  considerable  an- 
tiquity, for  instance.  Beaucarnea.  Dasylirion, 
Nolina.  and  Yucca  in  the  Agavaceae,  which  is 
generally  regarded  as  a  relatively  more  primitive 
group  than  the  palms  (Arecaceae).  In  addition, 
the  occurrence  of  taxa  such  as  Bauhinia,  Cer- 
cidium,  Fouquieria.  Forestiera,  and  Fremonto- 
dendron  in  the  middle  Eocene  Torrey  Sandstone 
implies  antiquity  for  these  alliances;  they  are 
here  assigned  provisionally  to  the  Late  Creta- 
ceous as  the  most  probable  time  of  their  origin. 

The  preceding  taxa  may  be  regarded  as  evo- 
lutionary counterparts  of  Cercidiphyllum,  Lir- 
iodendron,  Platanus,  Populus,  Quercus.  Sas- 
safras, and  others  that  extend  down  into  the 
Cretaceous  in  essentially  modern  form:  they  are 
bradyteles  (Simpson  1953).  Immediate  forerun- 
ners of  the  taxonomic  novelties  that  now  con- 
tribute to  the  desert  flora  probably  occupied 
areas  of  seasonally  dry  climate  in  the  Creta- 
ceous-Paleocene  and  became  adapted  to  cli- 
mates characterized  by  increasingly  longer, 
more  severe  periods  of  drought  during  Eocene 
and  later  times.  This  inference  is  supported  by 
the  occurrence  of  a  number  of  distinctive  genera 
that  occur  in  the  desert  today  in  dry  woodland 
vegetation,  including  species  of  Cactaceae 
(many  genera),  Cercocarpus  (sect.  Intricatae), 
Crossosoma,  Choisya,  Chilopsis,  Dasylirion, 
Fallugia,  Fendlera,  Garry  a,  Leucophyllum, 
Lindleya,  Mahonia,  Nolina,  Olneya,  Sabal, 
Vauquelinia,  Yucca,  Washingtonia,  and  others. 
Furthermore,  some  of  them  (e.g.,  Cercocarpus, 
Fouquieria,  Mahonia,  Sabal,  Vauquelinia)  oc- 
cur in  the  Eocene  floras,  implying  their  earlier 
origin. 

Paleogene 

The  taxa  that  are  endemic  to  the  Sonoran  Des- 
ert province  in  many  cases  represent  unique 
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species  in  their  respective  genera.  Many  of  the 
genera  are  represented  in  Eocene  floras  of  the 
Atlantic  and  Gulf  States,  or  the  Rocky  Mountain 
province.  Species  in  the  following  genera  in 
these  floras  seem  allied  to  taxa  that  are  found 
today  in,  or  marginal  to,  the  Sonoran  Desert,  or 
are  members  of  the  bordering  vegetation,  nota- 
bly thorn  forest,  dry  tropic  forest,  or  woodland, 
and  may  be  regarded  as  having  some  antiquity: 
Ulmaceae  (Celtis);  Moraceae  (Ficus,  Moras); 
Polygonaceae  (Coccoloba);  Nyctaginaceae  {Pi- 
sonia);  Berberidaceae  {Mahonia);  Platanaceae 
{Pkitanus)\  Rosaceae  {Amelanchier,  Cercocar- 
pus)\  Mimosaceae  (Acacia,  Pithecellobium, 
Prosopis);  Caesalpiniaceae  {Bauhinia,  Caesal- 
pinia,  Cassia);  Fabaceae  (Erythrina);  Zygophyl- 
laceae  {Guaiacum);  Burseraceae  (Bursera); 
Euphorbiaceae  (Euphorbia);  Celastraceae 
(Maytenus);  Sapindaceae  (Cardiospermum,  Do- 
donaea,  Sapindus,  Serjania);  Rhamnaceae  (Col- 
ubrina,  Zizyphus);  Vitaceae  (Cissus,  Vitis); 
Bombacaceae  (Bombax);  Sapotaceae  {Bumelia, 
Sidero.xylon);  Boraginaceae  (Cordia).  The  fossil 
species  lived  in  areas  that  were  considerably 
more  moist  than  the  Sonoran  Desert  region  is  at 
present:  they  were  members  of  dry  tropical  for- 
est, beach  jungle,  thorn  scrub,  and  woodland 
vegetation,  all  of  which  now  characterize  the 
subhumid  to  semiarid  parts  of  Mexico.  Thus,  it 
seems  likely  that  the  unique  species  of  these 
genera  in  the  present  Sonoran  Desert  that  range 
out  of  it  into  moister  vegetation  zones  may  well 
represent  derivatives  of  Paleogene  species  that 
inhabited  dry  areas. 

Species  similar  to  those  that  now  contribute 
to  thorn  forest  and  beach  jungle  occur  in  Eocene 
and  early  Oligocene  floras.  This  suggests  that  a 
number  of  the  more  distinctive  endemic  species 
of  tropical  genera  (listed  above)  in  the  Sonoran 
Desert  area  today  may  have  attained  essentially 
their  modern  form  by  mid-Eocene  time.  Some 
of  them  that  occur  in  the  Miocene  (Acocia,  Fi- 
cus, Pithecellobium,  Randia)  are  scarcely  sep- 
arable from  species  in  the  Sonoran  region  today 
(Axelrod  1939).  Furthermore,  species  in  the 
Eocene  Green  River  and  Claiborne  floras,  and 
in  the  early  Oligocene  Florissant  flora,  resemble 
plants  that  now  range  into  thorn  forest  and  also 
occur  on  the  moister  margins  of  the  desert,  no- 
tably Euphorbia  (hindsiana),  Cardiospermum 
{halicababum).  Dodonaea  (viscosa),  Mahonia 
(trifoliata),  Platanus  (wrightii),  Prosopis  {chi- 
le nsis),    Sapindus    (drummondii).    Schmaltzia 


(trifoliata),  Zizyphus  (ohtusifolia).  The  evidence 
implies  that  drier  scrub  probably  was  in  exis- 
tence by  the  close  of  the  Eocene,  and  that  semi- 
desert  plants  evolving  in  local  dry  sites  over  the 
region  have  not  changed  significantly  in  adaptive 
type  since  then. 

Under  a  climate  with  a  lower  range  of  tem- 
perature, areas  of  low  rainfall  may  therefore 
have  supported  local,  restricted  semideserts 
during  the  later  Eocene.  These  inferred  local 
semidesert  areas  would  have  had  only  moderate 
extremes  of  temperature.  They  were  desert 
chiefly  because  of  lower  rainfall  (30^0  cm;  12- 
15  inches),  not  of  extremely  high  temperature 
which  would  increase  the  drought  stress.  Such 
conditions  may  be  seen  today  at  moderate  ele- 
vations at  the  upper  edge  of  the  desert  in  Baja 
California,  in  the  foothills  of  Sonora-Sinaloa, 
and  especially  in  the  uplands  of  central  Mexico, 
where  there  is  mild  temperature  and  semideserts 
occur  in  local  dry  basins.  A  good  example  is  the 
valley  of  Tehuacan.  south  of  Mexico  City, 
where  the  range  of  mean  temperature  is  only  4.4 
C  (10  F)  between  the  coldest  (15.8  C,  60.4F)  and 
warmest  (21.2  C,  70.2  F)  months,  respectively. 
Comparable  conditions  are  implied  for  the  early 
Tertiary  local  semideserts. 

Neogene 

There  are  about  12  endemic  genera  in  the  pen- 
insula of  Baja  California  (Wiggins  1960)  that 
show  relationship  to  taxa  now  in  the  moister 
bordering  region  (Table  4).  Apart  from  these, 
there  are  many  species  in  the  area  that  are  allied 
to  taxa  now  on  the  mainland.  The  question  aris- 
es as  to  whether  they  originated  largely  after  the 
peninsula  separated  from  the  Sonora-Sinaloa- 
Nayarit  coast.  Although  this  problem  cannot  be 
solved  until  there  is  an  adequate  fossil  record 
for  some  of  these  taxa,  it  is  noteworthy  that  a 
number  of  these  taxa  do  have  a  wide  distribution 
on  the  peninsula  (Wiggins  1960:figs.  9,  10). 

This  implies  that  they  probably  originated  in 
the  Sonoran  region  and  have  extended  little  be- 
yond it,  except  possibly  in  the  late  Miocene  to 
Pliocene  when  they  may  have  reached  into  the 
southeastern  California  and  adjacent  Arizona- 
Sonora  at  a  time  when  winters  were  milder  than 
those  at  present.  An  example  is  Tritcleiopsis 
palmeri  which  has  now  been  discovered  in  the 
Gila  Mountains  of  southern  Arizona.  This  im- 
plies that  some  of  the  narrow  endemic  genera  in 
the  peninsula  may  have  had  a  wider  distribution 
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TABLt  4.     GhNKRA  LaRGHI  Y  ENDEMIC  TO  BaJA  CALIFORNIA  AND  THtIR  GENERAL  AFFINITIES  (from  Wiggins    I960). 


Taxa 


Affinities 


Liliaceae 

Triteleiopsis  (1  sp.) 
Behria  (1  sp.) 

Polygonaceae 
Harfordia  (1  sp.) 

Onagraceae 

Burragea  (1  sp.) 

Xylanagra  (I  sp.) 

Cactaceae 

Bartschella  (1  sp.) 
Cochemiea  (6  sp.) 
Machaerocerus  (2  sp.) 

Scrophuiariaceae 
CleveUmdia  (1  sp.) 
Ophiocephalus  (sp.) 

Asteraceae  (Heliantheae) 
Alvordia  (3  sp.) 
Coulterella  (1  sp.) 


A  segregate  of  Brodiaea  which  is  widespread  to  the  north. 
Allied  to  Brodiaea  and  Triteleiopsis. 


Related  to  Pterostegia.  widely  distributed  in  California-Utah  above  the 
desert. 


Segregate  of  Gongylocarpus.  which  is  also  in  Baja  California  and  is  the  most 

generalized  genus  of  the  tribe  Onagreae  (Raven  1969). 

Allied  to  Camissonia  (Raven  1969),  widespread  in  the  Southwest  and  in 

California. 


Allied  to  mainland  genera  of  cacti. 


Both  are  related,  and  allied  to  Gerardia  of  the  eastern  U.S. 


A  reduced  Vigueria  ( 10  sp.)  common  outside  of  the  desert  region. 
Related  to  Lagasiea. 


in  the  past,  and  that  their  isolation  has  resuhed 
from  their  restriction  there  as  colder  winters  de- 
veloped to  the  north.  Note  that  Harfordia  is  dis- 
continuous from  the  Rosario  region  to  Cedros 
Island  and  to  Bahia  Magdalena.  Four  of  the  en- 
demic genera  (Bartschella,  Beheria,  CleveUm- 
dia, Coulterella)  are  confined  to  the  La  Paz- 
Cape  Region,  an  area  high  in  endemics  which 
had  a  wider  distribution  in  the  past.  This  may  be 
inferred  from  the  relict  occurrence  of  unique 
taxa  such  as  the  subgenus  Idria  (Fouquieri- 
aceae)  and  Viscainoa  (Zygophyllaceae),  both  of 
which  extend  out  of  the  peninsula  into  local 
areas  in  coastal  Sonora.  Furthermore,  there  are 
other  taxa  in  Baja  California  del  Sur.  notably 
Finns  cemhroides.  Ilex  hrandegaena.  Populus 
hrandegeei,  Quercus  alhocincta,  and  Q.  tuber- 
culata,  that  occur  also  in  the  woodland  of  west- 
ern Mexico.  A  Miocene  to  early  Pliocene  age 
seems  likely  for  the  endemic  genera  (Table  4)  in 
Baja  California  because  a  large  volcanic  field 
(Commondu  Volcanics)  formed  at  that  time, 
providing  new.  drier  slopes  which  may  have 
served  as  sites  suited  for  them.  Apart  from  the 
genera  that  are  confined  to  the  peninsula,  a  num- 
ber of  unique  peninsular  species  may  also  have 


originated  then,  notably  in  the  genera  Ahutilon, 
Acacia,  Agave,  Atriplex,  Bursera,  Brickellia, 
Castilleja,  Chenopodium,  Chiysothamnus,  Da- 
lea,  Dudley  a,  Encelia,  Eriophyllum,  Euphorbia, 
Fagonia,  Franseria,  Haplopappus,  Houstonia, 
Ipomoea,  Jatropha,  Justicia,  Krameria,  Lepto- 
dactylon,  Lycium,  Malacothrix,  Monardella, 
Opuntia,  Pithecellobium,  Salvia,  Stephanome- 
ria,  Viqueria,  Yucca,  and  especially  in  the  Cac- 
taceae. 

Quaternary 

To  this  time  probably  is  to  be  referred  the 
origin  of  numerous  species  and  subspecies  that 
differ  but  little  from  their  allies  in  the  moister 
areas  bordering  the  desert  today.  The  alternating 
pluvial  and  dry  cycles  brought  together  diver- 
gent populations  and  greatly  speeded  up  the 
evolution  of  new  taxa.  The  only  significant  re- 
quirement for  survival  of  a  new  population 
would  be  the  ability  to  withstand  a  little  less 
moisture  and  somewhat  greater  extremes  of 
temperature.  Inasmuch  as  they  were  already  liv- 
ing in  marginally  arid  environments  and  were 
well  adapted  to  them  by  their  habit  (small  size, 
rapid  flowering  and  seed  production,  etc.).  any 
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new  populations  might  be  expected  to  survive 
with  no  difficulty.  Among  the  taxa  that  appear 
to  have  proliferated  rapidly  at  this  time  are 
species  of  Astrui^alus.  Boerhavia.  Calochortus, 
Camissonia,  Chaenactis.  Chorizxinthe,  Croton, 
Cryptcmtha.  Delphinium.  Descurainia,  Di taxis, 
Eriogonum,  Euphorbia.  Hofmeisteria,  Hosack- 
ia.  Lupinus,  Lyrocarpa,  Machaeranthera,  Ma- 
lacothrix,  Nenuuladus.  Pcctis.  Penstemon, 
Perityle,  Phacelia.  PhysaUs,  Senecio.  Sphaer- 
alcea,  Stephanomeria,  Streptanthus,  Thysano- 
carpus.  A  number  of  species  that  enter  the  So- 
noran  Desert  or  its  margins  have  their  chief 
centers  of  distribution  well  to  the  north  in  the 
semiarid  parts  of  southern  and  central  Califor- 
nia, and  some  of  them  range  farther  north.  They 
may  well  be  relicts  of  the  Wisconsin  in  the  So- 
noran  region  that  had  sufficient  adaptability  to 
survive  there  as  desiccation  increased.  Repre- 
sentative members  of  this  group  are  in  the  fol- 
lowing genera  (for  species,  see  Shreve  and  Wig- 
gins 1964):  Poaceae  (Agrostis.  Boutcloua. 
Bromus,  DistichUs,  Elymus,  Eragrostis,  Festu- 
ca,  Leptoloma,  Panicum,  Poa,  Sitanion,  Stipa); 
Cyperaceae  {Cladium,  Cyperus,  Eleocharis, 
Fimbiystylis,  Scirpus);  Commelinaceae  (Com- 
melina,  Tradescantia);  Juncaceae  (Juncus)\ 
Liliaceae  (Allium);  Urticaceae  (Parietaria); 
Santalaceae  (Comandra);  Polygonaceae 
(Chorizanthe,  Eriogonum,  Polygonum,  Pteros- 
tegia.  Rumex)\  Chenopodiaceae  (Allenrolfea. 
Atriplex,  Chenopodium,  Eurotia,  Monolepis. 
Nitrophila.  Suaeda);  Amaranthaceae  (Amaran- 
thus);  Portulacaceae  (Calandrinia,  Calyptri- 
dium,  Montia);  Caryophyllaceae  (Arenaria. 
Cardionema,  Silene,  Spergularia,  Stellaria); 
Ranunculaceae  (Clematis,  Delphinium,  Ranun- 
culus); Papaveraceae  (Eschscholzia,  Platyste- 
mon);  Brassicaceae  (Arabis,  Athysanus,  Cau- 
lanthus,  Descurainia,  Erysimum,  Lepidium. 
Stanley  a,  Streptanthus.  Thysanocarpus);  Rese- 
daceae  (Polanisia);  Fabaceae  (Astragalus,  Ho- 
sackia,  Lupinus,  Trifolium,  Vicia);  Polygalaceae 
{Poly gala);  Euphorbiaceae  (Croton,  Euphor- 
bia); Anacardiaceae  (Rhus);  Malvaceae  (Sida); 
Loasaceae  (Mentzelia);  Onagraceae  (Clarkia, 
Camissonia,  Zauschneria);  Umbelliferae 
(Apiastrum,  Caucalis,  Daucus,  Lomatium);  As- 
clepiaceae  (Asclepias);  Polemoniaceae  (Gilia, 
Leptodactylon,  Linanthus);  Hydrophyllaceae 
(Emmenanthe,  Eriodictyon,  Phacelia,  Pholisto- 
ma);  Boraginaceae  (Amsinckia,  Cryptantha, 
Plagiobothrys);  NJenthaceae  (Monardella.  Sal- 


via, Scutellaria);  Solanaceae  (Nicotiana); 
Scrophulariaceae  (Castilleja,  Mimulus,  Ortho- 
carpus,  Penstemon);  Orobanchaccae  (Oro- 
hanche);  Plantaginaceae  (Plantago);  Rubiaceae 
(Galium);  Campanulaceae  (Nemacladus);  As- 
teraceae  (Artemisia,  Aster.  Lasthenia  \=Baer- 
ia\.  Chrysothamnus,  Erigeron,  Eriophyllum,  Fi- 
lago,  Franseria,  Heliimthus,  Layia,  Lessingia, 
Malacothrix,  Microseris,  Senecio,  Stephano- 
meria). 

With  the  drying-up  of  the  lakes  and  the 
streams  brought  on  by  the  reduction  in  precipi- 
tation and  increasing  ranges  of  temperature  dur- 
ing the  past  12,500  years,  important  changes 
have  occurred  over  the  area  of  the  Sonoran  Des- 
ert. Some  of  the  distinctive  floristic  regions 
probably  came  into  existence  at  this  time.  They 
represent  subdivisions  that  correspond  to  a  des- 
ert climate  with  different  degrees  of  moisture, 
warmth,  and  temperateness.  The  minor  differ- 
ences between  them  probably  would  tend  to  dis- 
appear under  a  more  genial  climate.  With  an  in- 
crease of  125-180  mm  (about  5-7  inches)  in 
rainfall  the  ""moist"  Arizona  upland  succulent 
desert  would  move  down  into  the  driest  parts  of 
the  Larrea-Franseria  zone.  A  rise  of  250-300 
mm  (about  10-12  inches)  in  rainfall  would  es- 
sentially eliminate  most  of  the  Sonoran  Desert 
as  a  regional  lowland  vegetation — as  was  the 
case  during  the  late  Pleistocene  as  well  as  in 
Neogene  and  earlier  times  (see  Fig.  15). 

Finally,  there  are  fully  100  introduced  and  es- 
caped weeds,  mostly  from  Europe,  that  are 
found  largely  in  disturbed  areas,  as  along  road- 
sides, in  overgrazed  patches,  etc..  in  the  Sono- 
ran Desert  (in  Shreve  and  Wiggins  1964).  Here 
they  are  removed  from  competition,  much  as  in 
disturbed  areas  outside  the  desert  where  they 
also  enter  grassland  and  oak  woodland.  It  is  em- 
phasized that  they  do  not  invade  desert  com- 
munities. The  only  ""weed"  that  has  done  so, 
and  is  now  doing  so,  is  Larrea  in  the  peninsula 
of  Baja  California  where  it  has  a  patchy  distri- 
bution and  is  slowly  invading  the  desert  flora 
marginal  to  the  new  highway. 


PROBLEMS  OF  THE  SONORAN 
DESERT  FLORA 

The  preceding  analysis  of  the  age  and  origin 
of  Sonoran  Desert  vegetation  indicates  that  local 
semideserts  probably  were  present  by  the  later 
Eocene,  that  they  spread  gradually  with  ex- 
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panding  dry  climate  during  the  rest  of  the  Ter- 
tiary, and  that  a  regional  desert  climate  ap- 
peared only  recently.  The  evidence  also  suggests 
that  taxa  now  in  the  desert  have  been  derived 
from  alliances  that  occupied  the  area  before  it 
was  a  desert,  having  adapted  gradually  to  the 
increasing  drought  and  heat  that  spread  over  the 
region.  This  general  thesis  provides  new  insight 
into  several  major  problems  concerning  the  So- 
noran  Desert  flora  that  have  been  considered 
earlier  by  others,  notably  the  sources  of  its  taxa, 
the  relative  impoverishment  of  the  flora,  and 
diversity  of  life  forms  in  the  vegetation.  Consid- 
eration of  the  relict  nature  of  the  related  Hidal- 
gan  Desert  of  central  Mexico  further  illuminates 
the  history  of  the  Sonoran  Desert  flora  and  its 
vegetation. 

Sources 

The  taxa  that  contribute  to  the  Sonoran  region 
have  come  from  divergent  sources  and  at  differ- 
ent times  during  the  Tertiary  and  Late  Creta- 
ceous. It  is  not  necessary  to  consider  these  in 
detail  because  they  have  been  discussed  earlier, 
and  they  need  only  be  recalled  here.  The  sources 
can  be  separated  into  two  broad  categories,  au- 
tochthonous and  allochthonous.  Discrimination 
between  them  is  not  always  easy,  but  the  general 
groups  have  been  reasonably  well  defined. 

Autochthons 

Autochthons  are  the  taxa  that  appear  to  have 
originated  in  the  region  of  the  Sonoran  Desert 
and  its  environs  which,  from  an  historical  stand- 
point, includes  the  dry  parts  of  southwestern 
North  America  from  the  Late  Cretaceous  on 
down  to  the  present.  Those  that  are  centered  in 
the  region  are  outlined  in  a  significant  paper  by 
Rzedowski  (1962).  He  notes  that  in  Mexico  a 
total  of  217  genera  are  confined  to  arid  regions, 
of  which  93  (43%)  are  endemic,  and  of  the  410 
genera  in  the  semiarid  regions  of  Mexico  113 
(28%)  are  endemic.  By  contrast,  out  of  a  total 
of  1,163  genera  in  both  humid  and  subhumid  re- 
gions, only  93  (15%)  are  endemic  to  those  areas. 
The  abundance  of  endemic  genera  in  the  flora  of 
Mexico  is  clearly  related  to  dry  climate,  and 
their  scarcity  correlates  with  a  more  humid  cli- 
mate. Rzedowski  attributes  the  abundance  of 
this  autochthonous  element  in  the  Mexican  xe- 
rophyllous  flora  to  an  origin  and  diversification 
in  ancient  times,  and  agrees  that  they  represent 
members  of  the  Madro-Tertiary  Geoflora  which 


originated  over  southwestern  North  America,  as 
outlined  provisionally  by  Axelrod  (1958:fig.  2). 
However,  Rzedowski  goes  on  to  conclude  that 
the  data  do  not  support  the  postulate  of  Axelrod 
( 1950c)  that  desert  climate  and  desert  plants  are 
of  recent  (Pliocene-Pleistocene)  age  in  North 
America.  Inasmuch  as  his  view  rests  on  a  mis- 
interpretation of  my  earlier  work,  clarification 
seems  desirable. 

The  point  was  made  earlier  (Axelrod  1950c, 
1958),  and  has  been  a  recurrent  theme  in  the 
preceding  pages,  that  regional  deserts  like  those 
of  the  present  are  phenomena  of  relatively  re- 
cent times  (Fig.  16).  Local  areas  probably  did 
support  semideserts  by  the  late  Eocene,  and 
they  certainly  were  present  in  the  middle  Mio- 
cene, as  discussed  for  the  Tehachapi  flora  (Ax- 
elrod 1939)  and  implied  also  by  the  Mint  Canyon 
flora  (Axelrod  1940;  Mss.).  Those  floras  were 
situated  in  local  basins  in  the  lee  of  hills  which 
placed  them  in  rainshadows,  in  drier  climates 
than  those  indicated  by  vegetation  of  nearby 
areas  to  the  west  or  north.  Since  the  lowlands 
of  the  present  desert  region  were  covered  with 
woodland,  thorn  forest,  and  grassland  into  the 
Pliocene,  the  deserts  of  southwestern  North 
America  could  not  have  been  extensive,  as  in- 
ferred by  Rzedowski  (1962).  Johnson  (1968), 
Blair  (1976),  and  Otte  (1976)  for  North  America, 
by  Zinderen  Bakker  (1975)  for  the  Namib  of 
Africa,  by  Solbrig  ( 1976)  for  Argentina,  by  Sar- 
miento  (1976)  for  the  Caribbean,  and  by  Beard 
(1976)  for  Australia. 

Reference  should  also  be  made  here  to  the 
Sonoran  entomofauna  which  comprises  a  group 
of  taxa.  chiefly  at  the  generic  level,  which  are 
endemic  to  the  southwestern  United  States  and 
adjacent  Mexico  and  whose  center  of  evolution 
seems  to  have  been  in  that  area.  Evans  (1966) 
notes  that  this  fauna,  whose  genera  have  no 
close  relatives  in  either  the  Old  World  or  in 
South  America,  "have  either  evolved  in  or  been 
long  isolated  in  the  deserts  of  northern  Mexico." 
A  similar  view  is  presented  by  Halffter  (1976) 
who  states  that  the  Sonoran  Ceonocron^  had  a 
two-fold  phyletic-biogeographic  origin  (ancient 


2  A  term  coined  by  Reig  ( 1962.  I%8)  and  used  by  Halffter 
(1976).  and  equivalent  to  the  term  horofauna  which  refers  to 
a  group  of  organisms  that  originated  in,  or  became  associated 
in  a  given  area,  and  which  have  coexisted  for  a  prolonged 
period  and  have  a  common  biogeographic  history.  This  is  es- 
sentially the  equivalent  of  the  Geoflora  concept  of  major  vege- 
tation zones. 
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Table  5.   Genera  Largely  or  Wholly  Endemic  to  the  Desert  Region  of  the  Southwestern  United  States  and 
Mexico  (data  chiefly  from  Rzedowski  1962). 


Tax  a 


Arecaceae 
Brahea  (  =  Erythea) 
Washinglonia 

Agavaceae 
Dasylirion 
Hesperaloe 
Nolina 
Samuela 

Poaceae 

Pringleochloa 
Amaranthaceae 

Dicrairus 

Achatocarpaceae 

Phaulothamnus 
Portulacaceae 

Talinopsis 
Nyctaginaceae 

Selinocarpus 
Capparaceae 

Atamisquea 

Setchellanthus 

Cleomaceae 

Cleome  (  =  lsumeris) 
Philadelphaceae 

Fendlera 

Fendlerella 

Pterostemonaceae 

Pterostemon 
Crossosomataceae 

Crossosoma 
Rosaceae 

Cowania 

Fallugia 

Lindleyella 

Vauquelinia 

Fabaceae 
Eysenhardtia 
Hesperothamnus 
Olneya 

Zygophyllaceae 
Sericodes 
Viscainoa 

Rutaceae 

Chvisya 

Cneoridium 

Taravalia 

Simaroubaceae 
Holocantha 


Approximate  No. 
of  species 


10 

2 

18 

2 

30 

2 


3^ 


Area  of  Occurrence 
(and  remarks) 


SW  U.S.  to  Central  Amer. 

SE  Calif.,  W  Ariz.,  N  Baja  Calif. 

SW  U.S.,  Mexico 
So.  U.S.,  Mexico 
SW  U.S.,  Mexico 
So.  U.S..  Mexico 

Mexico 

So.  U.S.,  Mexico 

N  Mexico 

So.  U.S.,  Mexico 

SW  U.S.,  Mexico 


NW  Mexico,  Argentina 
Tehuacan 


Centr.  Calif,  to  Mexico 


SW  U.S.,  Mexico 
SW  U.S. 


Hidalgo-Puebla 

So.  Calif.,  SW  U.S.,  Mexico 

SW  U.S.,  Mexico 

SW  U.S.,  Mexico 

Mexico 

SW  U.S.,  Mexico 

So.  U.S.  to  Guatemala 
Baja  Calif.,  Mexico 
Calif.,  Mexico 

N  Mexico 

So.  Calif. -Baja  Calif. 

So.  U.S.,  Mexico 

So.  Calif.,  N  Baja  Calif. 

N  Baja  Calif,  (segreg.  of  Ptclca) 

SE  Calif. -Ariz. -N  Mexico 
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Table  5.   Continued. 


Taxa 


Approximate  No. 
of  species 


Area  of  Occurrence 
(and  remarks) 


Simmondsiaceae 

Simmondsia 
Anacardiaceae 

Pachyvormus 

Celastraceae 

Aciinthothcimnus 

Mortonia 

Orlhosphenia 

Malpighiaceae 
Echinopterys 

Euphorbiaceae 
Halliophytum 

Malvaceae 

Horsfordia 
Rhamnaceae 

Adolphia 

Mkrorhamnus 

Fouquieriaceae 

Fouquieria  (incl.  Idriu) 
Koeberliniaceae 

Koeberlinia 
Onagraceae 

Burra^ca 

Xylanagra 

Buddlejaceae 

Emorya 
Asclepiadaceae 
Basisti'lma 
Himantostemma 

Loasaceae 

Eucnide 
Petalonyx 

Cactaceae 
Ariocarpus 
Astrophytum 
Carncfiiea 
Cachemiea 
Coryphantha 
Echinocactus 
Echinocereus 
Echinofossulocaclus 
Echinomastus 
Epithelantha 
Escoharia 
Ferocactus 
Grussonia 
Homalocephala 
Leuchtenhergia 
Lophocereus 


4-5 


5 

6 

1 

6 

64 

10 

75 

32 

10 

3 

20 
35 
1 
1 
1 
4 


So.  Calif.-Baja  Calif.-Ariz.-N  Sonora 

Baja  Calif. 

Puebia  (habit  of  Koeherliniu) 
So.  U.S.,  Mexico 
Tamaulipas.  Nuevo  Leon 

Mexico 

No.  Mexico  (segreg.  of  Tetracoccus) 
SW  U.S.,  Mexico 


SW  U.S.,  Mexico 
SW  U.S..  N  Mexico 


Calif. -Texas-Mexico 

SW  U.S.,  Mexico 

Baja  Calif. 
Baja  Calif. 

So.  U.S. 


Mexico-Central  America 

Baja  Calif,  (a  segregate  of  Mutelca. 

with  130  spp.  in  American  tropics) 


SW  U.S.,  Mexico 

SE  Calif.-Arizona-N  Mexico 


Mexico 

So.  U.S.,  Mexico 

SE  Calif.-Arizona-N  Sonora 

Baja  California 

SW  U.S.,  Mexico,  Cuba 

So.  U.S.,  Mexico 

So.  U.S.,  Mexico 

Mexico 

So.  U.S.,  Mexico 

So.  U.S.,  Mexico 

SW  U.S.,  Mexico 

SW  U.S.,  Mexico 

Baja  Calif.  ( =  Opuntiu ) 

Mexico  (  =  Echinocui  lus) 

Mexico 

SW  U.S.,  Mexico 
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Table  5.    Continued. 


Tax  a 


Approximate  No. 
of  species 


Area  of  Occurrence 
(and  remarks) 


Lophophora 

Machaerocereus 

Myrtiliocactus 

Neolloydia 

Pelecyphora 

Rathhurnia 

Roseocactus 

Solisia 


Strombocdctus 

Thelocactus 

Wiko.xia 

Menthaceae  (Labiatae) 
Salazuria 

Scrophulariaceae 

Leucophyllum 
Bignoniaceae 

Chilopsis 

Acanthaceae 
Berginia 
Carlowrightia 
Holographis 

Asteraceae 
Alvordia 
Bebbia 
Chrysactinia 
Clappia 
Coreocarpus 
Hofmeisteria 
Hymenoclea 
Oaxacania 
Pelucha 
Perityle 
Psilotrophe 
Sellou 
Varilla 
Venegasia 
Zaluzania 


1-3 


1 

17 
7-8 


3 
20 

4 

3 
2 
4 
2 
8 
10 
4 
1 
1 
25 
6 
1 
2 
1 
12-15 


So.  U.S.,  Mexico 

Baja  California-Sonora 

Mexico-Guatemala 

So.  U.S.,  Mexico.  Cuba 

Mexico 

Mexico 

Mexico  {=Ari(>(urpus) 

Mexico  (segregate  of  Mammalaria. 

with  200-300  sp.  ranging  into 

N  South  America. 

Mexico 

S  U.S.,  Mexico 

SW  U.S.,  Mexico 

So.  Calif.;  SW  U.S.,  Mexico 

So.  U.S..  Mexico 

So.  Calif.:  SW  U.S.,  Mexico 

NW  Mexico 

SW  U.S.,  Mexico 

Mexico 


Central-So.  Baja  Calif. 

So.  Calif. -SW  U.S. 

SW  U.S.,  Mexico 

So.  U.S.,  Mexico 

Calif.-Mexico 

SW  U.S.,  Mexico 

Calif.-SW  U.S.,  Mexico 

Mexico-Tehuacan  Valley 

Baja  Calif. 

Calif.-SW  U.S.,  Mexico 

So.  U.S..  Mexico 

Mexico 

So.  U.S.,  Mexico 

So.  Calif.,  NW  Mexico 

Mexico 


South  American  and  Paleoamerican)  resulting  in 
"adaptation  to  aridity  and  marked  endemism. 
both  of  which  indicate  a  strong  degree  of  //;  situ 
evolution."  As  an  aUernative.  it  seems  more 
probable  that  the  insects,  as  with  the  plants,  also 
originated  in  local  dry  sites,  notably  in  dry  to- 
pographic and  edaphic  areas  which  would  also 
favor  the  origin  of  unique  taxa,  and  with  later 
environmental  change  resulting  in  their  narrow 
restriction  as  relict  forms  in  the  young  regional 
desert. 

The  evidence  overwhelmingly  supports  the  in- 


ference that  local  dry  sites  were  the  areas  where 
taxa  now  in  desert  regions  most  probably  orig- 
inated (cf.  Stebbins  1952,  1974;  Stebbins  and 
Major  1965).  They  were  preadapted  to  spread 
into  the  expanding  dry  regions  which  finally 
merged  (anastomosed)  to  form  the  regional  des- 
erts of  the  present  day  during  the  late  Quater- 
nary. This  now  seems  well  established  not  only 
for  the  American  deserts,  but  also  for  the  South 
African  (see  Axelrod  and  Raven  1977;  Tankard 
and  Rogers  1978)  and  Australian  deserts  (see 
Bowler  1976). 
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Rzedowski's  list  of  the  endemics,  reassem- 
bled here  with  additional  information  (Table  5), 
points  up  certain  facts  which  further  support  the 
notion  of  their  origin  in  local  dry  areas  and  their 
later  spread  as  regional  climate  became  drier. 
Table  5  shows  that  of  the  93  genera  endemic  to 
dry  regions,  members  of  2  families  account  for 
over  a  third  of  them.  Cactaceae  have  27  genera, 
the  Asteraceae  14.  Apart  from  these  large  fam- 
ilies, most  of  the  genera  are  small,  with  from  1 
to  4  species,  though  some  have  more  and  these 
are  chiefly  wider-ranging  taxa.  The  small  size  of 
the  alliances,  some  of  which  are  segregates  of 
other  genera,  is  consistent  with  an  origin  in  local 
dry  sites  during  the  Late  Cretaceous  or  Tertiary, 
depending  on  the  alliance  under  consideration. 
Note  that  the  taxa  can  be  arranged  according  to 
grades  of  morphologic  difference,  from  unique 
isolates  (Sitnmondsia,  Fouquieria,  Koeberlinia, 
Olneya),  to  those  that  are  progressively  more 
nearly  "normal."  Such  relations  indicate  that 
the  taxa  are  of  several  ages,  and  they  conform 
in  a  general  way  to  the  "stages"  outlined  above. 
The  data  are  agreeable  to  the  hypothesis  of  the 
origin  and  gradual  accumulation,  through  time, 
of  taxa  that  were  adapted  to  gradually  spreading 
dry  climate,  and  not  to  an  origin  in  an  ancient 
regional  desert  that  reaches  back  into  the  Cre- 
taceous. 

Apart  from  these  taxa  that  evidently  originat- 
ed in  the  drier  parts  of  southwestern  North 
America,  there  are  others  that  are  also  autoch- 
thonous but  have  a  wider  distribution  in  the  re- 
gion. These  include  warm  temperate  or  desert 
taxa  that  range  northward  into  the  California  flo- 
ristic  province  and  have  been  listed  elsewhere 
(Raven  and  Axelrod  1978:table  8).  Among  these 
are  species  of  Abronia,  Ahutilon,  Acacia,  Aca- 
lypha,  Adolphia,  Agave,  Amaranthus,  Atriplex, 
Baccharis,  Behhia,  Bergocactus,  Bernardia,  Bi- 
dcns.  Boerhavia,  Brahea.  Brickellia,  Buddleja. 
Chamaesyce,  Chrysothamnus,  Condalia,  Cro- 
ton,  Dalea,  Echinocereus,  Ephedra,  Eucnide. 
Euphorbia  subg.  Agaloma,  Forestiera,  Fou- 
quieria, Grindelia,  Haplopappus,  Harfordia, 
Hibiscus ,  Hoffmanseggia ,  Hymenopappus , 
Hyptis,  Ipomoea,  Eepidospartum,  Lobelia.  Lo- 
phocereus,  Lycium,  Machaerocereus,  Meno- 
dora,  Mentzelia,  Nolina,  Oligomeris,  Opuntia, 
Pachycereus,  Pedis,  Perityle,  Pentalonyx, 
Physalis,  Pluchea,  Proboscidea,  Prosopis,  Rhus 
subg.  Schmaltzia,  Salicornia,  Simmondsia, 
Solarium,  Sphaeralcea.  Tetracoccus,  Vauqueli- 


nia,  Washingtonia,  Yucca,  and  others.  In  the 
same  way,  there  are  many  more  additional  taxa 
that  range  from  the  Sonoran  region  into  warmer 
parts  of  western  Mexico  where  they  contribute 
to  thorn  forest  and  dry  tropic  forest.  These  are 
well  noted  in  the  admirable  flora  of  the  Sonoran 
Desert  (Shreve  and  Wiggins  1964),  where  ranges 
are  given  for  diverse  species  of  Acacia,  Bume- 
lia,  Bursera,  Caesalpinia,  Cebia,  Cercidium, 
Cordia,  Coursetia,  Croton,  Erythrina,  Ficus, 
Guaiacum,  Guazuma,  Haematoxylon,  Ipo- 
moea, Jatropha,  Karwinskia,  Lantana,  Malpig- 
hia,  Mascagnia,  Mimosa,  Randia,  Sapium,  Sa- 
pindus,  Vallesia,  Vitex,  Zizyphus  and  many 
others.  The  preceding  groups,  both  the  endemic 
genera  with  few  species,  as  well  as  the  taxa  that 
range  out  of  the  province,  either  to  the  north  or 
south,  account  for  the  bulk  of  the  flora  of  the 
Sonoran  Desert  region.  Emphasis  is  again 
placed  on  the  notion  that  these  taxa  are  of  di- 
verse ages,  ranging  from  ancient  relicts  (Fou- 
quieria, Simmondsia).  to  early  Tertiary  taxa 
{Acacia,  Bursera,  Ficus,  Pithecellobium),  to 
those  that  are  progressively  younger  and  have 
adapted  to  the  area,  probably  as  recently  as  the 
last  glacial  (e.g.,  diverse  annuals).  These  alli- 
ances, which  have  been  accumulating  in  the 
area  since  the  Late  Cretaceous,  are  most  abun- 
dant on  the  slopes.  On  the  low  desert  flats, 
where  the  climate  is  more  extreme,  there  is 
nearly  a  "vacuum"  so  far  as  taxa  are  concerned 
(see  below). 

Allochthons 

Some  of  the  taxa  in  the  Sonoran  Desert  recur 
in  more  distant  regions.  They  suggest  that  an- 
cient as  well  as  more  recent  dispersals  have  con- 
tributed to  the  flora  of  the  Sonoran  and  border- 
ing region.  Taxa  that  may  represent  "pan-xeric" 
ancient  dispersals  (probably  Cretaceous)  include 
Atriplex  and  other  chenopods.  Ephedra,  Fran- 
kenia,  and  Menodora,  and  similar  taxa  that  oc- 
cur in  other  dry  regions  on  other  continents.  The 
inference  of  antiquity  is  based  on  the  records  of 
palynomorphs  of  Ephedra  well  back  into  the 
Cretaceous,  and  the  presence  of  megafossil  re- 
mains of  Chenopodiaceae  (Atriplexl)  in  the  Late 
Cretaceous  of  Baja  California  (Gastil.  Phillips, 
and  Allison  1975:50).  These  records  support  the 
possibility  that  such  distributions  may  have  been 
attained  during  the  Cretaceous  separation  of  the 
land  areas  across  the  lower,  warmer  latitudes  of 
the  Atlantic  into  the  later  part  of  the  period  (85 
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m.y.).  The  taxa  may  then  have  attained  a  pan- 
tropic  to  subtropic  distribution  along  sandy 
shores  over  the  lower  latitudes  where  dry  cli- 
mates were  present  and  have  persisted  there 
through  time  with  but  minor  change. 

Another  allochthonous  group  that  is  important 
in  the  desert  flora  includes  a  number  of  xero- 
phytes  that  may  have  originated  in  South  Amer- 
ica. These  include  the  families  Cactaceae  and 
Bromeliaceae  which  moved  into  the  drier  parts 
of  North  America,  probably  by  overseas  dis- 
persal in  the  early  Tertiary,  to  judge  from  the 
nature  of  the  genera  involved  (Raven  and  Ax- 
elrod  1974:fig.4).  In  addition,  there  are  numer- 
ous genera  in  the  drier  parts  of  northern  South 
America  (some  extend  well  to  the  south)  that 
also  have  allied  species  in  North  American  trop- 
ic and  subtropic  desert  regions,  notably  in  Aca- 
cia, Burse ra.  Capparis,  Cercidium,  Croton.  Le- 
maireocereus,  Opuntia,  Pithecellobium,  and 
Prosopis,  that  may  well  have  differentiated  from 
more  widely  ranging  ancestors  (Axelrod  1948). 
Some  of  these,  notably  Acacia  and  Prosopis. 
were  already  present  in  the  drier  parts  of  North 
America  by  the  later  Eocene,  suggesting  that  in- 
terchange has  been  continuing  through  time. 
Some  interchange  has  occurred  more  recently, 
with  dispersal  from  South  to  North  America,  as 
in  Larrea  (Axelrod  1950d;  Wells  and  Hunziker 
1976),  and  with  later  differentiation  into  poly- 
ploid races  as  noted  above.  A  large  number  re- 
flect recent  transtropic  migration  and  establish- 
ment of  northern  taxa  in  the  temperate  parts  of 
South  America  (Axelrod  1948,  1950).  These 
were  monographed  by  Raven  (1963).  who  dem- 
onstrated that  they  are  successful  chiefly  be- 
cause they  are  self-compatible  and  occur  chiefly 
in  open  habitats.  Among  the  approximately  200 
taxa  involved  are  species  in  the  following  genera 
(see  Raven  1963):  Agrostis,  Triglochin,  Bromus, 
Deschampsia,  Festuca,  Poa,  Stipa,  Eleocharis. 
Chorizcinthe.  Eriogonum,  Calandrina,  Anemo- 
ne, Ranunculus,  Lepidium,  Crassula,  Lupinus, 
Lotus,  Trifolium,  Gay ophy turn,  Jussiaea,  Oe- 
nothera, Bowlesia,  Osmorhiza.  Sanicula,  Ginia, 
Linanthus,  Polemonium.  Crypt antha.  Lappula, 
Pectocarya,  Plagiohothrys ,  Orthocarpus, 
Donningia,  Plantago,  Antennaria,  Lasthenia, 
Madia,  Malacothri.x,  Perityle,  and  Solvia.  The 
migration  of  numerous  herbaceous  taxa  south- 
ward was  not  paralleled  by  a  comparable  north- 
ward movement  from  South  America.  The  chief 
reason  for  this  seems  to  be  that  the  taxa  in  Chile- 


Argentina  that  may  have  dispersed  northward 
were  not  able  to  become  established  here.  The 
more  extreme  climate  in  the  north  probably  mil- 
itated against  establishment,  and  competition  no 
doubt  was  also  a  factor. 

Imbalance 

The  flora  of  the  Sonoran  Desert  displays  im- 
balance in  two  different  ways.  First,  there  are 
about  32  families  in  the  province  that  range 
widely  but  are  represented  in  the  Sonoran  region 
by  a  single  genus  (Table  6).  Of  the  latter,  24  are 
represented  by  a  single  species.  Several  of  the 
genera  range  into  tropical  regions  far  to  the 
south,  notably  Erythroxylon,  Trichilia.  and  Pas- 
siflora.  They  appear  to  be  Tertiary  relicts  of  the 
drier  phases  of  thorn  forest,  short-tree  forest, 
and  savanna  forest  which  were  able  to  survive 
in  the  area  of  desiccation.  Most  of  the  taxa 
{Sparganium,  Naias,  Phyllospadix,  Echinodo- 
rus,  Pistia,  Aristolochia,  Ceratophyllum,  O.xal- 
is,  Bergia,  Myriophyllum)  are  basically  hydro- 
phytes and  survive  in  the  desert  region  around 
seepages  and  water  holes.  Of  the  others,  Coc- 
culus,  Juglans,  and  Platanus  are  also  regularly 
confined  to  moist  sites  and  drainageways  in  the 
desert  region  and  have  Eocene  records  at  middle 
latitudes  in  North  America.  The  near-modern 
species  may  have  originated  in  warm  temperate 
areas  by  Eocene  time,  if  not  earlier.  The  pres- 
ence of  these  groups  in  the  Sonoran  region  not 
only  indicates  that  they  are  relicts  from  times 
when  moister  climates  and  other  vegetation 
zones  occupied  the  area,  but  that  they  have  two 
principal  sources,  from  more  tropical  and  tem- 
perate regions. 

The  second  kind  of  imbalance  in  the  Sonoran 
flora  was  discussed  by  Wiggins  ( 1960).  He  noted 
that  many  of  the  genera  that  contribute  impor- 
tantly to  tropical  savanna,  dry  tropic  forest,  and 
thorn  forest,  and  are  represented  by  numerous 
species  in  those  vegetation  zones,  have  only  a 
few  species  in  the  Sonoran  Desert.  For  example, 
there  are  17  species  of  Acacia  in  the  Sonoran 
region  of  which  7  are  endemic,  yet  the  flora  of 
Mexico  to  the  south  and  east  includes  fully  70 
species.  There  are  5  species  of  Pithecellobium 
in  the  Sonoran  province.  2  of  them  endemic,  but 
25  species  are  known  from  other  parts  of  Mex- 
ico. Ficus  has  4  species  in  the  Sonoran  Desert 
of  which  2  are  endemic,  yet  no  less  than  25 
species  occur  elsewhere  in  the  moister  parts  of 
Mexico.  Similar  relations  are  exhibited  by  gen- 
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Table  6.  Families  in  the  Sonoran  Desert  Region  Rep- 
resented Mostly  by  a  Single  Species  (data  from  Shreve 
and  Wiggins  1964). 


Table  6.   Continued. 


Taxa 


Remarks 


Taxa 


Remarks 


Sparganiaceae 

Spurganium  (1) 

Mainly  temperate,  perennial 

aquatic  herb. 

Naiadaceae 

Naias  (2) 

Cosmopolitan,  fresh-water 

annuals. 

Zosteraceae 

Phyllospadix  (1) 

Marine  aquatic,  Japan  and  Pacific 

Coast,  North  America. 

Juncaginaceae 

Triglochin  ( 1 ) 

Cosmopolitan,  fresh-  and  salt- 

water marshes. 

Alismataceae 

Echinodorus  { 1 ) 

Warm  temperate  to  tropical. 

aquatic  to  marshy  perennial 

herbs. 

Araceae 

Pistia  ( 1 ) 

Tropical  and  subtropical,  floating 

aquatic. 

Saururaceae 

Anemopsis  (1) 

Temperate  perennial  herbs. 

common  in  wet  alkaline  sites. 

Juglans 

Julians  (1) 

Temperate  and  warm  temperate 

trees. 

Santalaceae 

Cumandra  (1) 

Temperate  genus,  tropical  family; 

perennial  herb,  at  margin  of 

desert. 

Aristolochiaceae 

Aristulochia  (2) 

Perennial  climbing  shrubs  or 

I 

vines,  reaching  into  tropical  zone. 

Rafflesiaceae 

Pilostyles  (1) 

Fleshy  parasite,  the  species  is 

parasitic  on  Dalea. 

Batidaceae 

Batis  (1) 

Warm  temperate  to  tropical;  only 

Ceratophyllaceae 
Ceratophyllum  ( I ) 

Menispermaceae 
Cvcculus  (1) 

Resedaceae 
Oligomeris  (I) 


genus  in  family.  Prostrate  or  low 
subshrubs  on  tidal  flats  and 
beaches. 


Cosmopolitan,  submerged 
aquatics. 


Scandent  shrubs,  vines,  ranges 
into  tropical  regions. 


Only  New  World  genus  of  very 
small  Old  World  family.  Small 
annual  on  desert  flats  along 
margins  of  saline  washes. 


Platanaceae 
Platunus  (1) 

Geraniaceae 
Erodium  (3) 

Oxalidaceae 
O.xulis  (3) 


Erythroxylaceae 
Erythroxylon  (1) 


Meliaceae 
Trichilia  (2) 

Elatinaceae 
Bergia  ( 1) 


Frankeniaceae 
Erankenia  (2) 


Violaceae 
Hyhanthus  ( 1 ) 

Turneraceae 
Turnera  ( 1 ) 

Passifloraceae 
Passiflura  (6) 

Rhizophoraceae 
Rhizophora  ( 1 ) 

Haloragaceae 
Myriophyllum  { 1 ) 

Araliaceae 
Anilia  (1) 

Theophrastaceae 
Jinquinia  (1) 

Martyniaceae 
Pruboscideu  (4) 


Orobranchaceae 
Orabranchae  (4) 


Goodeniaceae 
Scaevola  (1) 


Temperate  to  warm  temperate, 
trees. 

Temperate,  few  sp.  in  New 
World,  annuals. 

Cosmopolitan,  temperate  regions. 
Herbaceous  perennial  of  moist  or 
shady  sites. 

Only  genus  in  this  tropical- 
subtropical  family,  trees  or  large 
shrubs. 

Warm  tempjerate  to  subtropical, 
tropical  trees. 

Cosmopolitan  family  and  genus, 
slightly  woody  herbs  about 
seepages  and  moist  places. 

Only  genus  in  family,  perennial 
herbs  or  shrubs  common  in  saline 
marshes  or  along  the  seashore 
above  high-tide  level. 

Perennial  herb  chiefly  in  moist 
places  or  shady. 

Shrub  of  drier  ridges,  ranges  into 
tropics. 

Herbaceous  or  woody  vines, 
tropical  to  subtropical. 

Marine  aquatic,  tree. 

Cosmopolitan,  aquatic. 

Tropical  chiefly,  shrub  to  small 
tree  of  deep  shaded  canyons. 

Shrub  to  small  tree,  ranges  into 
tropical  regions. 

Desert  warm  temperate  to  tropical 
family  and  genus,  annual  or 
perennial  herbs  of  sandy  places. 

Temperate  and  subtropic,  mainly 
desert  and  dry  regions,  root 
parasites. 

Ranges  into  tropics,  shrub  of 
sandy  places  and  upper  beaches. 
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era  of  other  families,  some  of  which  are  listed 
in  Table  7.  These  examples  also  point  up  the 
relatively  low  number  of  species  in  the  flora  of 
the  Sonoran  Desert  as  compared  with  that  of  the 
California  floristic  province  that  adjoins  it  to  the 
north  (Raven  and  Axelrod  1978:table  I). 

Wiggins  (1960)  suggested  that  these  relations 
indicate  that  the  adaptability  of  flowering  plants 
to  conditions  of  extreme  aridity  is  much  less 
than  their  ability  to  withstand  conditions  of  ex- 
treme high  or  low  temperature.  An  alternate  ex- 
planation is  suggested  by  the  evidence  reviewed 
above  which  indicates  that  (1)  although  many 
genera  are  represented  by  very  few  species  in 
the  desert,  these  genera  do  have  numerous 
species  in  regions  of  moister  climate;  (2)  many 
Eocene  to  Miocene  woody  plants  are  similar  to 
those  in  the  desert  today,  and  they  lived  earlier 
in  more  mesic  regions;  (3)  the  degree  of  aridity 
and  the  ranges  of  temperature  have  increased 
gradually  over  the  present  desert  regions  and 
reached  their  zenith  following  the  last  glacial. 

These  data  indicate  that  the  imbalance  of  the 
desert  flora  probably  is  not  due  to  low  adapta- 
bility to  limited  moisture  or  to  the  slow  intrusion 
of  plants  into  an  ancient  desert  region.  On  the 
contrary,  the  data  support  the  suggestion  that 
relatively  few  plants  have  had  a  genetic  reser- 
voir capable  of  adapting  them  to  the  very  rapid 
appearance,  following  the  last  pluvial  stage,  of 
a  widespread  regional  climate  characterized  by 
exceedingly  low  and  uncertain  precipitation  and 
excessively  high  temperature. 

This  ability,  possessed  by  a  few,  has  enabled 
them  to  persist  in  a  region  that  has  become  pro- 
gressively drier  since  the  past  pluvial  and  has  in 
some  measure  involved  preadaptation.  All  of  the 
taxa  that  are  in  the  desert  have  special  adapta- 
tions, features  that  were  gained  in  the  Tertiary 
under  seasonally  dry,  moister  climates  that  were 
far  less  rigorous  than  those  that  reached  the 
acme  of  aridity  and  subcontinental  extent  only 
recently.  It  must  be  emphasized  again  that  these 
specialized  adaptive  types,  whether  they  involve 
reduced  body  size,  aphylly,  green  stems,  decid- 
uous habit,  rapid  production  of  flowers  and 
seeds,  underground  storage  organs,  very  small 
annual  habit,  shadowless  plants,  etc.,  are  not 
confined  to  the  desert.  They  occur  in  numerous 
families  that  range  along  a  climatic  gradient  that 
extends  far  out  of  the  desert,  into  thorn  forest, 
cactus  savanna,  short-tree  forest,  dry  tropical 
forest,  and  savanna  to  the  south,  or  into  wood- 


Table  7.  Representation  of  Species  of  Different 
Genera  in  Mexico  and  in  the  Sonoran  Desert  Which 
Indicate  the  Generai  Imbai  ance  in  the  Present  Desert 
Flora. 


Number  of  species 

.  in 

Mexico 

Sonoran 

Desert 

Taxa 

(Approx.) 

*Wide 

Endemic 

Burseraceae 

Bursera 

4S 

4 

6 

Euphorbiaceae 

Jutropha 

35 

2 

5 

Rubiaceae 

Randia 

26 

7 

3 

Polygonaceae 

Coccoloba 

13 

0 

1 

Rutaceae 

Zanthoxylon 

20 

0 

2 

Malpighiaceae 

Malpighia 

11 

1 

I 

Sapindaceae 

Serjania 

40 

0 

3 

Also  in  Mexico  column. 


land-chaparral,  sage,  and  grassland  to  the  north. 
The  fact  that  many  species  of  the  desert  com- 
monly occur  in  adjoining,  moister  vegetation 
zones,  all  of  which  have  a  dry  season  of  less 
intensity  than  that  of  the  desert  and  tempera- 
tures that  are  not  so  extreme,  suggests  that  sur- 
vival in  the  desert  has  been  possible  for  those 
that  have  the  appropriate  vegetative  and  func- 
tional adaptations,  plus  the  ability  to  withstand 
extreme  heat  and  drought.  Thus  it  seems  prob- 
able that  relatively  few  taxa  of  numerous  fami- 
lies have  the  proper  combinations  of  genes  re- 
quired to  survive  in  extreme  desert  climate 
simply  because  the  invasion  of  desert  areas  by 
plants  already  well  adapted  to  somew  hat  moister 
bordering  regions  began  so  recently  that  feu 
have  had  the  time  to  adapt  physiologically  to 
this  novel  environment — one  in  which  in  some 
areas  may  receive  no  rain  for  several  consecu- 
tive years,  or  occasionally  for  a  decade.  In  other 
words,  it  seems  probable  that  if  the  desert  en- 
vironment persists,  more  numerous  plants  from 
the  bordering  communities  may  be  expected  to 
invade  this  "vacuum"  as  they  gradually  acquire 
the  proper  gene  combinations  to  cope  with  a 
precipitation-temperature  regime  that  is  only 
slightly  more  extreme  than  that  now  at  the  edge 
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of  the  desert.  Further,  many  of  the  species  in 
the  desert  might  be  expected  to  produce  addi- 
tional new  ta.xa  that  are  better  adapted  to  it.  A 
hint  of  this  is  seen  in  the  many  subspecies  (or 
varieties)  of  annuals  that  have  been  described 
from  the  Sonoran  Desert  which  are  segregates 
of  taxa  that  range  far  to  the  north  (see  above, 
under  Pleistocene)  into  areas  of  moister  climate. 
Annuals  are  rarer  in  the  Sonoran  Desert  than 
in  the  California  floristic  province  (27%  vs.  21%) 
(Raven  and  Axelrod  1978:table  3).  As  noted  ear- 
lier by  Went  (1948,  1949),  the  annuals  have  dif- 
ferent adaptations  in  each  region.  The  winter 
annuals  of  the  dry  summer  climate  of  California 
germinate  and  complete  their  life  cycles  in  the 
winter  and  spring.  The  summer  annuals  of  the 
summer-wet  Sonoran  region  germinate  and 
complete  their  cycles  during  summer  and  fall. 
As  reviewed  by  Mulroy  and  Rundel  (1977),  the 
groups  have  other  divergent  morphological, 
phenological,  and  physiological  adaptations.  For 
instance,  C3  metabolism  predominates  in  the 
winter  group  whereas  C4  metabolism  increases 
in  annuals  to  the  south  and  southeast  where 
summer  rainfall  becomes  more  frequent  and  pre- 
dictable. The  C3  annuals  of  the  California  floris- 
tic province  range  also  in  the  dry  Mohave  Desert 
and  have  radiated  in  response  to  the  spread  of 
Mediterranean  climate.  C4  annuals  range  well 
south  of  the  Sonoran  Desert,  entering  into  the 
matrix  of  thorn  scrub  and  arid  tropic  scrub  as 
well,  and  probably  originated  in  the  subtropics. 
On  the  basis  of  the  fossil  records  of  a  number 
of  their  woody  associates,  we  may  infer  that 
during  the  Pliocene,  summer  annuals  also 
formed  an  important  part  of  the  California  flora, 
but  were  eliminated  here  as  summer  rains  de- 
creased. 

Life-Form  Spectra 

Shreve  pointed  out  that  the  flora  of  the  So- 
noran Desert  has  a  remarkable  diversity  of  co- 
dominant  life  forms.  In  areas  of  slightly  higher 
rainfall  and  more  moderate  temperature  away 
from  the  lower  bolsons,  as  many  as  20  different 
adaptive  types  can  be  found  in  a  very  limited 
area.  This  provides  a  marked  contrast  with  plant 
formations  outside  the  desert  which  usually  are 
dominated  by  plants  of  similar  life  form.  In  re- 
gions of  mediterranean  climate  with  winter  rain, 
the  vegetation  bordering  the  desert  is  composed 
of  coastal  sage  of  semi- woody  half  shrubs,  or  an 
oak  savanna-woodland,  or  a  dense  chaparral 


composed  chiefly  of  evergreen  shrubs  of  nearly 
even  height.  Desert  grassland  borders  the  So- 
noran region  in  the  summer-rain  area  of  south- 
ern Arizona  and  Sonora.  To  the  south,  desert 
vegetation  is  replaced  by  a  tall  canopy  of  mod- 
erate-sized trees  that  are  chiefly  drought-decid- 
uous and  make  up  a  rich  thorn  forest.  In  these 
semiarid  regions  marginal  to  the  desert  where 
climate  is  more  favorable  for  plant  growth,  in- 
tense competition  between  individuals,  species, 
and  life  form  has  resulted  in  the  development  of 
a  high  degree  of  uniformity  among  the  domi- 
nants as  compared  with  the  Sonoran  Desert 
(Shreve  1951:19). 

To  explain  these  fundamental  differences  be- 
tween the  variety  of  codominants  of  the  vege- 
tation of  the  Sonoran  Desert,  and  the  similar  life 
forms  of  the  vegetation  zones  that  border  it, 
Shreve  (1951:32)  pointed  out  that  in  desert  re- 
gions the  "struggle"  has  not  been  between  the 
plants,  but  with  the  environment.  He  notes  that 
the  successful  establishment  of  a  perennial  de- 
pends on  whether  its  first  few  seasons  are  wetter 
or  drier  than  normal;  whether  the  specific  spot 
where  it  germinates  is  sheltered  or  exposed; 
whether  it  has  a  shallow  or  deep  soil;  and  wheth- 
er it  is  protected  or  unprotected  by  notable 
changes  in  the  surface  level  on  which  it  germi- 
nates. He  adds  that  the  presence  of  closely  ad- 
jacent, mature  perennials  seems  to  be  advanta- 
geous to  a  new  plant,  for  the  number  that  appear 
and  survive  close  to  mature  ones  greatly  ex- 
ceeds those  of  open  or  bare  spaces  because 
there  are  very  few  spots  where  the  conditions 
for  germination  and  growth  are  favorable. 

These  observations  have  an  important  bearing 
on  the  mode  of  origin  of  the  admixture  of  diverse 
life  forms  in  the  Sonoran  Desert.  Shreve  has  em- 
phasized that  there  is  no  evidence  to  indicate 
that  any  one  life  form  has  a  more  "successful" 
mode  of  behavior  than  the  others.  The  different 
life  forms  live  under  more  nearly  similar  condi- 
tions during  germination  and  early  growth  than 
at  any  later  time.  The  development  of  their  in- 
dividual features  of  structure  and  behavior  soon 
brings  each  one  into  a  slightly  different  set  of 
relations  with  the  environment,  as  expressed  by 
differences  in  the  height  and  spread  of  branches, 
depth  and  distribution  of  the  root  system,  and 
the  season  of  foliation  and  defoliation.  These  are 
the  features  that  serve  to  separate  the  activities 
of  the  varied  life  forms  in  time  and  space,  and 
hence  reduces  or  eliminates  severe  competition 


AXELROD:  AGE  AND  ORIGIN  OF  SONORAN  DESERT  VEGETATION 


61 


between  them  (Shreve  1951:32).  In  view  of  these 
relations.  Shreve  (1951:19)  concluded  that  the 
conditions  tending  toward  the  elimination  of  cer- 
tain life  forms,  and  the  survival  and  dominance 
of  a  relatively  uniform  one,  as  in  grassland  or 
oak  woodland,  have  not  been  operative  in  sub- 
tropical deserts.  It  is  this,  he  believes,  that  has 
produced  the  diversity  of  plant  forms  which 
characterized  the  warm  desert  regions.  "The 
opportunity  which  the  desert  has  offered  for  the 
persistence  of  unstandardized  plant  types  has 
undoubtedly  resulted  in  the  survival  in  it  of 
species,  and  even  of  genera,  for  very  long  pe- 
riods of  time"  (ibid:  19). 

This  also  implies  that  deserts  have  consider- 
able antiquity  and  that  plants  have  been  adapted 
to  desert  climates  for  a  long  period  of  time. 
However,  the  geologic  and  paleobotanic  evi- 
dence reviewed  above  supports  the  conclusion 
that  the  diverse  plant  forms  that  typify  the  So- 
noran,  as  well  as  other  subtropical  deserts,  are 
the  survivors  of  taxa  which  were  derived  from 
alliances  in  vegetation  zones  that  occupied  the 
area  now  desert  when  it  was  non-desert  (Fig. 
18).  The  record  implies  that  they  persisted  over 
the  region  of  desiccation  because  they  were  pre- 
adapted  to  a  progressively  drier  climate.  This 
interpretation  is  based  in  part  on  the  occurrence 
of  essentially  all  of  the  adaptive  types  that  dis- 
tinguish the  Sonoran  Desert  in  vegetation  zones 
that  are  marginal  to  it  today.  Emphasis  has  al- 
ready been  placed  on  the  notion  that  Fouquieria 
is  not  confined  to  a  desert  environment,  but  ex- 
tends into  arid  tropical  scrub,  thorn  forest,  and 
dry  (deciduous)  tropical  forest.  Also  Beaucar- 
nea  has  a  similar  distribution,  from  the  Tehua- 
can  Desert  into  dry  (deciduous)  tropical  forest. 
Apart  from  these  unique  adaptive  types,  there 
are  palms,  yuccas,  agaves,  grasses,  leafless 
shrubs,  deciduous  shrubs  and  trees,  thorny 
woody  plants,  evergreen  shrubs,  and  many  oth- 
ers that  now  occur  in  savanna,  dry  evergreen 
forest,  short-tree  forest,  thorn  forest,  evergreen 
and  deciduous  woodland,  and  sage  vegetation. 
Furthermore,  the  fossil  record  shows  that  as 
drought  increased  during  the  Tertiary  these 
vegetation  zones  successively  replaced  one 
another  over  the  area  of  the  present  desert  (Fig. 
18).  Clearly,  the  great  diversity  of  life  forms  in 
the  Sonoran  Desert,  and  no  doubt  in  other  trop- 
ical deserts  as  well,  results  chiefly  from  the  per- 
sistence there  of  the  hardy,  drought-adapted, 
residual  taxa  from  the  diverse  vegetation  zones 


that  were  able  to  survive  over  the  area  as 
drought  increased,  and  not  from  their  origin  in 
ancient,  regional  deserts. 

Floristic  Diversity 

It  is  in  the  deserts  with  the  most  favorable  conditions 
and  the  largest  flora,  that  distinctive  desert  genera  are 
found,  and  also  a  very  small  number  of  families  which 
are  wholly  or  almost  wholly  confined  to  the  desert. 
(Shreve  1951:20) 

The  richest  desert  floras  are  those  at  the  mar- 
gins of  the  tropics.  They  are  richer  than  those 
of  the  cool  (Mohave)  or  cold  (Great  Basin,  Cen- 
tral Asian)  deserts  because  their  areas  have  had 
a  dry  climate  for  a  much  longer  period  of  time, 
and  they  have  therefore  accumulated  more  taxa. 
The  Great  Basin  desert  and  its  counterparts  in 
central  and  middle  Asia  are  relatively  recent, 
their  areas  having  supported  temperate  mixed 
deciduous  hardwood  forests  into  the  close  of  the 
Miocene.  Since  dry-climate  areas  have  been  in 
existence  much  longer  in  the  southern,  warmer, 
horse  latitudes,  first  in  local  areas  and  then  more 
widely,  it  is  expectable  that  they  have  families 
that  are  unique  to  them  (e.g.,  Fouquieriaceae, 
Koeberliniaceae.  Krameriaceae,  Simmondsi- 
aceae),  though  none  is  known  from  the  cold  des- 
erts. There  is  also  a  much  higher  concentration 
of  unique  adaptive  types  in  the  subtropical  des- 
erts {Acacia,  Beaucarnea,  Canotia,  Chilopsis, 
Choisya,  Fouquieria,  Lindleya,  Nolina.  Olynea, 
Opuntia,  Pachyconnus,  Pachycereus,  Viscai- 
noa).  This  attests  to  the  continued  addition  of 
taxa  to  the  region  as  very  different  kinds  of 
vegetation  successively  dominated  the  area, 
taxa  which  were  preadapted  in  form  and  func- 
tion to  the  increasing  drought.  By  contrast,  the 
present  desert  areas  of  cooler  temperate  regions 
were  occupied  by  rather  similar  forests  of  the 
Arcto-Tertiary  Geoflora  during  most  of  the  Ter- 
tiary and  have  therefore  had  a  much  smaller  res- 
ervoir of  adaptive  types  to  draw  from. 

The  arid  region  of  southwestern  North  Amer- 
ica, though  relatively  small,  has  more  genera 
(about  200)  and  families  (7)  restricted  to  it  than 
the  entire  region  of  the  United  States  and  Can- 
ada east  of  the  Rocky  Mountains.  This  can  now 
be  attributed  in  part  to  a  favorable  setting  for 
evolution  in  dry  climate  (Stebbins  1952,  1974), 
and  especially  in  a  regionally  expanding  one 
( Axelrod  1967);  to  a  longer  period  ( +80  m.y.)  of 
selection  for  survival  in  an  emerging,  new  adap- 
tive zone  in  which  numerous  taxa  accumulated; 
and  in  part  to  the  colder  post-Miocene  climates 
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which  eliminated  many  taxa  from  eastern  North 
America  that  required  equable  climates,  like 
those  now  in  the  uplands  of  western  Hupeh  and 
adjacent  Szechuan.  and  in  the  Sierra  Madre 
Oriental  of  eastern  Mexico,  areas  where  they 
now  persist  as  relicts. 

THE  HIDALGAN  DESERT:  A  RELICT 
LATE  TERTIARY  SEMIDESERT? 

Shreve  (1940,  1942)  noted  that  there  are  dis- 
continuous areas  in  central  to  southern  Mexico 
that  support  vegetation  which  displays  the  es- 
sential features  of  the  less  extreme  type  of  des- 
erts (also  see  Rzedowski  1968;  Smith  1965;  Bra- 
vo 1936,  1937;  Quintero  1968).  These  areas  have 
a  rich  and  diversified  flora,  a  large  number  of 
life  forms,  and  many  plants  of  distinctive  habit, 
structure,  and  behavior.  The  stature  and  density 
of  the  plants  greatly  exceed  those  of  the  desert. 
These  southern  desert  areas  (see  Fig.  1),  chiefly 
in  Hidalgo-Guerrero-Puebla.  were  captioned  the 
Hidalgan  Desert  by  Shreve  (1940).  a  term  that 
is  used  here. 

The  flora  of  the  southern  deserts  is  much  rich- 
er than  that  of  the  deserts  to  the  north,  whether 
the  Chihuahuan  or  Sonoran.  They  are  closely 
related  to  the  arid  bushland  (arid  tropical  scrub) 
and  cactus  savanna,  and  gradually  merge  into 
them,  a  relation  also  discussed  by  Smith  ( 1965). 
Although  desert  plants  and  the  ecological  fea- 
tures of  the  desert  recur  frequently  in  the  di- 
verse, rugged  terrain  of  southern  Mexico,  these 
areas  cannot  be  regarded  strictly  as  desert  owing 
to  the  closer  spacing  of  the  plants  and  to  the 
much  less  bare  ground.  In  the  Hidalgan  Desert 
areas  the  valley  floors  are  the  most  arid  habitat, 
and  it  is  the  vegetation  there  that  most  nearly 
resembles  that  to  the  north.  Throughout  these 
desert  areas  only  a  .s7/,i,'/(/  improvement  in  soil 
and  moisture  conditions  is  sufficient  to  support 
more  mesic  vegetation,  including  arid  bushland, 
oak  woodland,  and  other  types  of  xeric  vegeta- 
tion which  cover  the  nearby  hills,  canyons,  and 
floodplains.  The  proximity  of  the  Hidalgan  Des- 
ert vegetation  of  the  valley  floors  to  other  vege- 
tation types,  notably  oak  woodland,  mattoral. 
and  thorn  forest,  recalls  the  setting  of  the  Mio- 
cene Mint  Canyon  and  Tehachapi  floras  in  their 
local  basins.  This  again  points  up  the  critical  sig- 
nificance of  local  dry  areas  to  the  evolution  of 
taxa  adapted  to  more  arid  regions  (see  Stebbins 
1952.  1974;  Axelrod  1967.  1972). 

Almost  all  of  the  features  of  form,  habit. 


structure,  and  behavior  that  distinguish  desert 
plants  are  found  in  the  Hidalgan  Desert.  The 
lists  of  typical  genera  in  the  Sonoran,  Chihua- 
huan, and  Hidalgan  deserts  assembled  by  Rze- 
dowski (1962.  1973)  show  that  a  number  of  them 
occur  in  all  three  deserts  (Table  5),  a  relation 
also  noted  by  Smith  (1965)  and  Morafka  ( 1977). 
Shreve  pointed  out  that  many  of  the  genera 
which  have  contributed  to  one  or  two  highly 
specialized  forms  to  the  northern  Chihuahuan 
and  Sonoran  deserts  are  represented  in  the  Hi- 
dalgan region  by  a  larger  number  of  species.  All 
of  the  life  forms  in  the  Sonoran  and  Chihuahuan 
deserts  are  present  in  the  southern  desert  areas. 
The  features  of  form,  habit,  structure,  and  be- 
havior that  are  distinctive  characteristics  of  des- 
ert plants  are  also  found  in  the  Hidalgan  Desert. 
The  members  of  these  genera  show  structural 
features  which  have  undergone  further  devel- 
opment in  certain  species  that  make  life  possible 
for  them  in  very  arid  regions.  The  small  size  of 
the  leaves  and  leaflets  is  a  very  common  feature 
of  the  plants  in  the  Hidalgan  Desert  of  arid 
southern  Mexico.  The  assumption  of  photosyn- 
thetic  work  by  the  stem  is  common,  though  not 
often  accompanied  by  the  entire  loss  of  leaves. 
Plants  with  succulent  leaves  are  more  abundant 
in  the  southern  than  in  the  northern  deserts. 
Semi-succulent  plants  are  as  abundant  in  species 
in  the  south,  but  not  so  numerous  in  the  matrix 
of  the  vegetation. 

However,  the  stem-succulent  cacti  are  more 
abundantly  represented  both  in  species  and  in- 
dividuals in  the  Hidalgan  Desert  areas  than  in 
the  Sonoran  or  Chihuahuan.  and  many  unique 
forms  are  endemic  to  the  area  especially  in  the 
Tehuacan  basin  (MacDougal  1908;  Smith  1965). 
Many  other  taxa  in  the  area  exhibit  unique  stor- 
age functions,  including  the  large  stems  of  yuc- 
cas and  the  fleshy  leaves  of  Agave  and  Hectia. 
Euphorbia  and  Pedilanthus  have  thick  stems  in 
which  storage  function  is  also  effective  (Mac- 
Dougal 1908).  A  trec-Ipomoca  has  a  soft,  thick 
trunk  for  storage,  and  the  unique  Beaucarnca 
also  has  a  parenchymatous  trunk  for  water  stor- 
age. Cissiis  species  have  enlarged  bases  to  the 
stems  and  also  thick  globular  tubers.  Apart  from 
storage  specializations,  the  flora  has  numerous 
epiphytes  as  well  as  spinose  plants,  notably 
Fouquieria  (one  species  with  a  small  trunk  sim- 
ulates Idria),  the  cacti.  Cnidoscolus,  diverse  le- 
guminous shrubs,  and  Acanthothamnus,  a  leaf- 
less shrub  simulating  Koeberlinia. 
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Figure  27.  Comparison  of  the  warmth  and  temperateness  of  climate  at  stations  in  the  central  and  southern  Chihuahuan 
Desert  with  those  in  the  Hidalgan  Desert  region.  Note  that  the  warmth  of  climate  (radians)  in  the  Hidalgan  Desert  is  similar  to 
that  in  the  central  and  southern  Chihuahuan,  but  the  latter  has  greater  ranges  of  temperature  and  is  therefore  less  equable  (i.e.. 
M  45-54  vs.  M  57-68).  Dotted  line  =  percent  hours  of  year  subject  to  freezing. 


The  nature  of  the  arid  tropical  scrub  of  the 
Rio  Balsas,  Guerrero,  provides  an  example  of 
how  desert  and  semidesert  ta.xa  may  have  been 
derived  gradually  from  alliances  in  local  dry  ba- 
sins. The  valley  of  the  Rio  Balsas  trends  west- 
erly and  is  shut  off  from  the  sea  by  the  highlands 
of  the  Sierra  Madre  del  Sur  to  the  south,  and  is 
therefore  quite  dry  receiving  650-750  mm  in  the 


warm  season;  at  Mescala,  84  per  cent  of  the 
yearly  total  of  730  mm  falls  during  the  period 
from  May  through  September.  The  xeric  vege- 
tation resembles  that  of  a  cactus  desert  in  many 
ways.  The  region  has  patches  of  thorn  forest, 
and  deciduous  tropical  forest  occurs  locally. 
Organ  cactus  (Ccphaloccrcus)  is  frequent  in  the 
arid  tropical  scrub  of  Aciuia.  Burscra.  Cordia. 
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Haeinatoxylon,  Hibiscus,  Mimosa,  Cacsalpinia. 
and  others,  and  the  more  humid  slopes  support 
species  of  Bouhinia,  numerous  leguminous  trees 
{Acacia,  Mimosa.  Caesalpinia),  Zizyphus,  and 
other  thorny  plants.  This  environment  is  only  a 
step  removed  from  the  Tehuacan  semidesert 
(Smith  1965;  MacDougal  1908),  characterized 
by  species  of  Cereus,  Opuntia,  and  numerous 
other  cacti.  Beaucarnea,  Foiiquieria,  Pithecel- 
lohium.  Prosopis,  and  many  others.  These  mor- 
phologic, vegetative,  and  community  relations 
point  to  the  probable  evolutionary  significance 
of  the  vegetation  and  flora  of  the  Hidalgan  arid 
region.  They  seem  to  represent  more  nearly  the 
ancestral  type  from  which  the  Sonoran  and  Chi- 
huahuan  deserts  have  been  derived.  The  "more 
primitive"  features  have  been  preserved  in  the 
Hidalgan  Desert,  a  region  characterized  by 
greater  rainfall  and  by  more  equable  tempera- 
ture. 

This  is  evident  from  a  comparison  of  the  cli- 
mates of  the  Hidalgan  and  the  central  to  south- 
ern Chihuahuan  Desert  region.  The  chief  cli- 
matic differences  are  in  the  ranges  of  mean 
monthly  temperature,  and  hence  in  the  differ- 
ence in  equability  (Fig.  27).  The  range  of  tem- 
perature (A)  in  the  Hidalgan  semidesert  is  gen- 
erally less  than  8  C  (14  F),  whereas  it  is  more 
than  14  C  (24-25  F)  in  the  central  Chihuahuan. 
As  a  result,  stations  in  the  Chihuahuan  Desert 
are  subject  to  greater  frost  frequency  (which  in- 
creases northward)  than  any  of  the  Hidalgan 
semidesert  areas,  all  of  which  are  well  removed 
from  its  effects  (Fig.  27). 

The  high  degree  of  endemism  in  the  Hidalgan 
Desert  (see  Bravo  1936.  1937;  Quintero  1968). 
and  especially  in  the  Tehuacan  sector,  raises  the 
problem  of  age  and  origin.  There  is  no  evidence 
to  support  Smith's  (1965:140)  contention  that: 

A  long-term  stability  in  climatic  regimen  might  have 
been  responsible  for  an  increased  rate  of  endemism  in 
the  flora  of  the  Tehuacan  valley.  Since  the  biggest  influ- 
ence on  the  climate  of  the  valley  seems  to  be  the  Gulf 
of  Mexico  to  the  north  and  east,  the  elevation  of  the 
masses  of  the  Sierra  de  Zongolica  has  played  a  major 
role  in  the  control  of  rainfall.  Probably  there  has  been 
no  major  change  in  rainfall  pattern  or  distribution  since 
the  mountain  mass  became  elevated  during  the  Lara- 
mide  Revolution  at  the  close  of  the  Cretaceous  (Dunbar, 
1949). 

Actually,  the  Laramide  movements  extended 
from  the  Upper  Cretaceous  into  the  Oligocene. 
and  they  did  not  produce  major  mountains,  but 
only  folded  rocks  that  formed  low  ridges  for  the 


most  part  (Schuchert  1935:133;  R.  E.  King  1939; 
P.  B.  King  1977;  Eardley  1962:chap.  43;  Clark 
and  Stearn  1968;  Tweto  1975;  Mejorada  and  Ra- 
mos 1968).  Furthermore,  using  a  conservative 
estimate  of  rates  of  erosion  (e.g..  Gilluly, 
Waters,  and  Woodford  1974:78).  the  Sierra  de 
Zongolica  could  not  have  persisted  since  the 
Cretaceous:  it  would  have  been  reduced  to  sea 
level  within  14  million  years  (or  less)  if  there 
were  no  compensating  uplifts.  Examination  of 
Tehuacan  valley  (April  1977)  shows  that  it  is  a 
fault  trough,  and  that  the  episode  of  faulting  that 
elevated  the  Sierra  de  Zongolica  is  quite  recent. 
This  is  shown  not  only  by  the  nature  of  the  fault 
block  (very  steep  V-valleys.  some  nearly  hang- 
ing; truncated  spurs,  linear  mountain  front),  but 
also  by  the  faulting  that  has  greatly  disturbed 
the  younger  Neogene  rocks  in  the  basin.  These 
well-bedded  sedimentary  rocks  are  fine  grained 
throughout  and  thus  provide  no  evidence  of  high 
relief  nearby.  Only  the  overlying  alluvial  fans 
and  terraces  of  younger  age  are  composed  of 
fanglomerate.  conglomerate,  and  other  coarse 
detritus  derived  from  the  bordering,  newly 
uplifted  mountains.  Since  the  evidence  indicates 
that  the  towering  Sierra  de  Zongolica  is  a  re- 
cently elevated  fault-block  range,  it  cannot  ac- 
count for  low  rainfall  in  Tehuacan  valley  from 
Late  Cretaceous  into  the  later  Tertiary,  and  for 
the  origin  of  that  desert  in  ancient  times. 

The  unique  taxa  and  the  adaptive  types  that 
they  represent  clearly  have  had  a  long  history. 
Inasmuch  as  a  number  of  these  taxa  extend  into 
the  bordering  vegetation  zones,  notably  tropic 
savanna,  oak  woodland,  as  well  as  thorn  scrub 
and  arid  bushland.  they  no  doubt  had  their  origin 
in  the  dry  subtropics  at  an  early  date — certainly 
by  the  Eocene  to  judge  from  the  fossil  record 
reviewed  above.  In  this  connection,  it  is  recalled 
that  Fouquieria  is  recorded  in  the  middle 
Eocene  La  Jolla  Sandstone,  associated  there 
with  taxa  that  represent  a  dry  tropic  forest. 
While  Fouquieria  is  commonly  thought  of  as  a 
typical  member  of  the  desert  flora  today,  several 
species  range  into  moister  areas  as  members  of 
thorn  forest  and  dry  tropic  scrub.  As  recorded 
by  Hendrickson  (1972).  in  Guerrero  F.  formo- 
sana  inhabits  tropical  deciduous  forest  in  areas 
where  precipitation  totals  1.000  mm  (40  inches), 
and  also  occurs  in  Oaxaca  where  precipitation 
is  only  300  mm  (about  12  inches).  Furthermore, 
the  unique  Beaucarnea  which  is  a  co-dominant 
in  parts  of  the  Tehuacan  Desert  also  contributes 


AXELROD:  AGE  AND  ORIGIN  OF  SONORAN  DESERT  VEGETATION 


65 


Table  8.    Coefficients  of  Similarity  Between  the  Floras  of  Different  Dry  Areas  in  Mexico  (from  Rzedowski 
1973:table  1). 


Sonora  and 

Baja  California 

Chihuahua 

San  Luis  Potosi 

Hidalgo 

Regions 

% 

% 

% 

% 

Baja  California  and  Sonora  (272  gen- 

era) 

— 

?1.9 

45.4 

41.0 

Chihuahua  (258) 

51.9 

— 

71.8 

67.8 

San  Luis  Potosi  (177) 

45.4 

71.8 



87.0 

Hidalgo  (189) 

41.0 

67.8 

87.0 

— 

importantly  to  the  dry  tropical  forest  of  southern 
Tamaulipas  and  San  Luis  Potosi  (Rzedowski 
1966: 124).  On  the  slopes  where  the  Sierra  Madre 
meets  the  coastal  plain,  in  an  area  where  pre- 
cipitation is  fully  900  to  1,000+  mm  (35-40 
inches),  it  is  an  important  associate  of  the  dry 
(deciduous)  tropical  forest.  Among  the  associ- 
ated trees  are  species  of  Acacia,  Bur  sera,  Ce- 
drela,  Guazuma,  Lysiloma,  Piscidia,  Phoebe, 
and  Sahal,  and  large  shrubs  in  the  understory 
are  represented  by  species  of  Acalypha,  Bom- 
bax,  Chiococea,  Colubrina,  Eugenia,  Karwin- 
skia,  Pithecellobium,  Trichilia,  and  many  others 
as  well  as  arborescent  species  of  cacti  and  yuc- 
ca. During  the  early  Tertiary,  dry  sites  were 
available  for  comparable  communities  and  even 
drier  ones  were  on  limestone  slopes  where  Me- 
sozoic  rocks  that  make  up  the  bulk  of  the  Sierra 
Madre  Oriental  and  the  bordering  ranges  were 
exposed.  Limestones  made  up  much  of  the  area 
on  the  plateau  prior  to  their  burial  under  the 
younger  later  Cenozoic  volcanics. 

During  the  Miocene  and  into  the  early  Plio- 
cene, the  Mexican  plateau  had  only  a  low  to 
moderate  altitude,  and  the  Sierra  Madre  Oriental 
and  Occidental  had  not  yet  been  elevated  ap- 
preciably (Schuchert  1935;  Eardley  1962;  R.  E. 
King  1939;  de  Cserna  1960;  Guzman  and  de 
Cserna  1963).  As  a  result  the  plateau  region  must 
have  received  higher  rainfall  than  at  present  and 
was  also  warmer  owing  to  its  lower  elevation. 
The  vegetation  that  now  covers  the  east  and 
west  coasts,  notably  dry  tropic  forest,  wood- 
land, and  thorn  scrub,  must  have  been  more 
widely  spread  over  the  plateau  prior  to  its  uplift. 
Hence  it  is  understandable  that  modern  taxa  in 
these  vegetation  zones  link  the  eastern  and 
western  Sierra  Madre  and  the  bordering  coastal 
strips.  Drier  areas  which  supported  semiarid 
taxa  were  more  restricted  than  at  present  and 


probably  included  drier  lee  slopes  and  basins 
and  dry  edaphic  sites.  In  view  of  the  more  wide- 
spread environments  and  the  absence  of  marked 
differentiation  between  the  east  and  west  coast 
floras,  semiarid  taxa  were  more  widespread  then 
than  at  present.  This  agrees  with  the  interrela- 
tions of  the  taxa  that  now  contribute  to  the  So- 
noran,  Chihuahuan,  and  Hidalgan  desert  floras 
(see  Shreve  1942;  Rzedowski  1962;  Smith  1965; 
Quintero  1968;  Wiggins  1960),  which  indicate 
that  there  are  numerous  links  between  them 
(Table  8).  Hence,  they  must  have  been  more 
frequent  in  the  past.  This  is  consistent  with  the 
general  similarity  of  the  herpetofauna  across  the 
continental  divide  in  the  region  of  southern  Ar- 
izona-New Mexico,  as  documented  by  Morafka 
(1977:181-182)  for  diverse  anurans  and  snakes. 
He  also  provides  a  useful  diagram  (Morafka 
I977:map  9)  that  illustrates  the  reversely  sym- 
metrical vegetation  of  the  North  American  des- 
erts and  their  border  areas,  from  the  Mohave 
region  of  California  southeastward  for  1 .000  km 
to  Doctor  Arroyo,  Nuevo  Leon. 

During  the  later  Pliocene  and  Quaternary,  the 
Sierra  Madre  of  eastern  and  western  Mexico 
were  rapidly  elevated  (King  1939;  Schuchert 
1935;  Eardley  1962;  Baker  1971;  de  Cserna  1960, 
1961;  Guzman  and  de  Cserna  1963).  As  a  result, 
dry  climate  in  the  lee  of  the  ranges  now  spread 
and  provided  a  corridor  for  the  movement  of  the 
semidesert  and  thorn  scrub  vegetation  down  the 
plateau  into  the  lower  latitudes  (the  Pueblan  des- 
ert of  Tehuacan  is  at  lat.  18'2rN).  At  the  same 
time,  the  elevation  of  the  plateau  was  increasing, 
probably  as  much  as  1,000  m  in  the  Hidalgan 
semidesert  areas,  but  less  to  the  north  for  the 
plateau  decreases  in  elevation  there.  Thus, 
semiarid  to  arid  taxa  now  spread  into  the  ex- 
panding dry  zone  as  the  more  mesic  woodland, 
forest,  and  thorn  scrub  communities  retreated 
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into  moister  sites  in  the  bordering  hills.  Inas- 
much as  the  taxa  were  already  adapted  to  with- 
stand drought,  they  rapidly  assumed  dominance 
as  a  new  regional  plant  formation.  As  the  plateau 
was  elevated  in  the  later  Pliocene,  climate  be- 
came more  equable  (see  Fig.  27)  and  a  rich  semi- 
desert  flora  characterized  by  numerous  arboreal 
cacti  and  an  associated  rich  shrub  and  small-tree 
flora  now  covered  the  drier  areas  wherever 
rainfall  was  as  low  as  380  mm  (15  inches).  We 
may  infer  that  it  had  a  composition  and  structure 
much  like  that  now  seen  in  the  Hidalgan  semi- 
desert  today  and  was  widely  spread  to  the  north 
into  the  Chihuahuan  and  Sonoran  regions.  At 
that  time  the  floras  of  the  semidesert  regions 
were  more  nearly  alike  than  their  derivatives  are 
at  present. 

During  the  late  Cenozoic  uplift  of  the  Mexican 
region,  an  extensive  volcanic  field  was  being 
built  up  on  the  central  plateau.  This  isolated  the 
present  Hidalgan  and  Pueblan  semidesert  areas 
from  each  other  and  from  the  Chihuahuan  Des- 
ert region  to  the  north  (Fig.  1).  The  volcanic 
fields  buried  (and  exterminated)  wide  areas 
where  semidesert  vegetation  was  present  ear- 
lier, and  the  new,  higher  terrain  provided  envi- 
ronments suited  for  the  more  mesic  woodlands 
and  forests  that  still  occupy  them.  These  rela- 
tionships provide  a  basis  for  understanding  the 
high  degree  of  endemism  which  characterizes 
the  Hidalgan  semidesert,  and  especially  the  Te- 
huacan  sector  (see  Smith  1965).  Apart  from  the 
high  diversity  of  cacti,  which  include  a  number 
of  endemics,  there  also  are  endemic  genera,  no- 
tably Oaxacana  (Asteraceae,  1  sp.),  Acantho- 
thamnus  (Celastraceae,  1  sp.),  and  Setchellan- 
thus  (Capparaceae,  1  sp.)  [see  below].  The 
semidesert  areas  of  Hidalgo-Queretaro-Puebia 
are  rich  in  unique  endemics,  and  many  of  them 
have  considerable  antiquity  because  they  are  not 
closely  allied  to  any  living  taxa.  The  intermedi- 
ate links  have  been  exterminated,  and  the  sur- 
viving taxa  are  phylogenetic  isolates.  However, 
their  present  restricted  occurrences  in  these  iso- 
lated semideserts  need  not  be  explained  by  an 
ancient  origin  in  their  present  local  areas,  as  sug- 
gested by  Smith  (1965).  It  seems  more  probable 
that  they  have  been  confined  to  them  by  climatic 
and  topographic  changes.  It  is  recalled  that  the 
climate  of  the  Hidalgan  Desert  areas  is  very 
equable  (M  60-64)  and  well  removed  from  the 
likelihood  of  frost  (Fig.  27).  This  mild  climate 
not  only  reflects  the  moderate  altitude,  but  also 


the  sheltering  effect  of  the  young  volcanic 
mountains  which  shield  them  from  the  colder 
climate  to  the  north,  both  now  and  in  the  recent 
past.  At  times  of  major  glacial  advance,  out- 
breaks of  polar  air  certainly  must  have  pene- 
trated far  southward.  These  incursions  endan- 
gered frost-sensitive  taxa,  notably  the  arboreal 
cacti  in  the  genera  Cephalocereus,  Pachycere- 
us,  Lcmaireoccreiis  (see  Shreve  1911),  as  well 
as  other  thermophytes.  Their  survival  probably 
is  due  in  large  measure  to  the  protected  envi- 
ronments in  which  they  occur. 

This  inference  is  consistent  with  the  disjunct 
occurrence  of  a  number  of  Chihuahuan  Desert 
taxa  in  the  Hidalgan  semidesert.  As  recorded  by 
Quintero  (1968)  and  discussed  by  Wells  and 
Hunziker  (1976),  47  species  in  34  genera  that  are 
important  members  of  the  Chihuahuan  Desert 
vegetation  occur  in  the  Valle  del  Mesquital  of 
Hidalgo,  including  Agave  lecheguilla,  Celtis 
pallida.  Euphorbia  antisyphilitica,  Flourensia 
cernua,  Jatropha  dioca,  Koeberlinia  spinosa, 
Larrca  divaricata,  Rhus  microphylla.  and  Yucca 
filifeia.  This  is  expectable,  for  temperatures  in 
the  southern  Chihuahuan  region  are  transitional 
in  nature  (see  Fig.  27).  The  occurrence  of  a  num- 
ber of  taxa  in  the  Tehuacan  sector  that  range 
well  to  the  north  into  the  Chihuahuan  region 
(Smith  1965)  is  understandable  on  the  same  ba- 
sis. It  seems  unlikely  that  all  of  these  disjunct 
taxa  arrived  in  these  basins  by  long-distance  dis- 
persal. However,  it  is  probable  that  they  rep- 
resent an  element  of  a  formerly  more  wide- 
spread, richer  flora  that  was  impoverished  at  the 
north  by  the  increasingly  colder  climate  over 
that  area.  It  was  the  building  up  of  the  young 
volcanic  field  on  the  plateau  of  central  Mexico 
that  provided  protection  for  the  relict  taxa  (en- 
demics) of  the  Hidalgan  semidesert  flora  during 
the  cold  periods  of  the  Quaternary.  At  such 
times,  however,  as  judged  from  the  limited  rec- 
ord provided  by  two  small  late  Pleistocene  leaf 
floras  from  the  region  (Arsene  and  Marty  1923; 
Rul  and  Rzedowski  1968),  the  spread  of  forest 
and  woodland  under  the  moister,  cooler  climates 
must  also  have  greatly  reduced  the  area  of  dry 
climate  and  that  of  the  semideserts  as  well. 

On  the  Mexican  plateau,  the  effects  of  cold 
increase  northward  and  certainly  did  so  during 
the  glacial  ages.  This  probably  accounts  for  the 
elimination  of  many  Hidalgan  taxa  from  the  Chi- 
huahuan region.  These  would  have  been  chiefly 
alliances  that  were  adapted  to  the  more  equable 
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climates  which  were  present  there  earlier,  but 
occur  now  only  at  the  south  in  the  Hidalgan 
semidesert  regions.  Especially  noteworthy  in 
this  regard  is  the  recent  discovery  of  Sctchcl- 
lanthiis  (Capparaceae.  1  sp.)  in  Tamaulipas 
(Rzedowski,  letter  of  June  1977).  a  genus  pre- 
viously considered  restricted  to  the  Tehuacan 
Desert.  It  lends  credence  to  the  thesis  that  the 
Tehuacan  flora  is  filled  with  many  other  taxa  that 
had  a  wider  distribution  to  the  north  prior  to  the 
development  of  colder  climates  there.  The  im- 
pact of  cold  may  also  account  for  the  lower  di- 
versity of  the  Chihuahuan  as  compared  with  the 
richer  Sonoran  Desert  flora  which  lives  under  a 
warmer  climate. 

The  importance  of  the  trans-volcanic  terrain 
of  late  Cenozoic  age  as  an  important  climatic 
barrier  is  evident  from  the  general  distribution 
maps  of  plant  families  that  reach  northward  from 
tropical  regions  into  central  Mexico  (see  Vester 
1940).  The  following  families  for  the  most  part 
range  northward  on  the  plateau  into  the  volcanic 
chain,  but  rarely  beyond  it.  The  taxa  are  tropical 
to  warm  temperate  in  their  requirements  and  do 
not  withstand  frost  of  any  intensity  or  duration. 
Annonaceae.  Balanophoraceae,  Begoniaceae, 
Cannaceae.  Caricaceae,  Clethraceae,  Cochlo- 
spermaceae.  Combretaceae.  Connaraceae.  Cor- 
ariaceae,  Cunoniaceae.  Cyclanthaceae,  Dilleni- 
aceae.  Elaeocarpaceae.  Erythroxylaceae. 
Flacourtiaceae.  Gesneriaceae,  Hippocratea- 
ceae,  Lacistemonaceae,  Meliaceae,  Monimi- 
aceae,  Musaceae,  Myristicaceae.  Myrsinaceae. 
Myrtaceae,  Olacaceae,  Opiliaceae,  Sabiaceae. 
Theaceae,  Zingiberaceae.  In  addition,  there  are 
about  10  other  families  that  do  not  range  much 
farther  north  except  for  a  few  genera  represent- 
ed chiefly  by  reduced  numbers  of  species. 
Among  these  are  Arecaceae,  Basellaceae.  Gib- 
noniaceae.  Bombacaceae,  Lauraceae.  Malpig- 
hiaceae,  Marcgraviaceae,  Melastomataceae, 
Sapindaceae,  Sapotaceae.  Simaroubaceae,  Ster- 
culiaceae.  With  respect  to  all  these  families,  it 
is  noteworthy  that  butterflies  (whose  larvae  feed 
on  plants)  show  a  distribution  in  Mexico  that 
generally  parallels  them.  Hoffman  (1940),  who 
gives  a  good  account  for  the  zoogeography  of 
Mexican  butterflies,  notes  that  the  trans- Mexi- 
can volcanic  chain  provides  a  nearly  impenetra- 
ble barrier  for  most  of  the  Lepidoptera  of  trop- 
ical Central  America,  which  range  northward 
only  to  its  southern  slopes.  Similarly,  the  taxa 
of  the  southern  United  States  range  more  or  less 


extensively  southward  to  central  Mexico,  to  the 
northern  slopes  of  the  great  transverse  volcanic 
belt,  but  rarely  beyond  it. 

The  fossil  record  shows  that  many  of  the  plant 
families  listed  above  ranged  far  north  of  the 
trans-volcanic  belt  during  the  early  and  middle 
Tertiary.  They  lend  further  credence  to  the  no- 
tion that  the  endemics  of  the  Hidalgan  semides- 
erts  are  relict.  The  evidence  thus  suggests  that 
they  probably  did  not  originate  in  situ  in  arid 
basins  which  have  been  in  existence  since  the 
Cretaceous,  but  rather  that  they  were  confined 
to  them  by  geologic  and  climatic  events  of  late 
Cenozoic  time.  The  numerous  taxa  in  the  Hi- 
dalgan semideserts  of  Puebia,  Hidalgo.  Guer- 
rero, and  border  areas  that  occur  also  in  the 
Chihuahuan  and  Sonoran  are  thus  the  residual 
members  of  more  widespread  late  Cenozoic 
thorn  forest,  woodland,  and  semidesert  vegeta- 
tion that  have  been  segregated  into  more  local, 
new  dry  climates. 

SUMMARY  AND  CONCLUSIONS 

The  vegetation  of  the  Sonoran  Desert  has  de- 
rived its  taxa  from  those  in  the  diverse  plant 
formations  that  successively  occupied  the  region 
during  Late  Cretaceous  and  Tertiary  times — 
tropic  savanna,  dry  tropic  forest,  thorn  forest, 
pihon-oak  woodland,  grassland.  The  taxa  prob- 
ably originated  in  local  dry  sites  provided  by 
diverse  terrain  and  edaphic  situations.  They 
lived  initially  under  a  subtropical  high  pressure 
system  much  weaker  than  that  of  today  because 
the  thermal  gradient  was  lower,  about  20  C  as 
compared  with  over  30  C.  As  the  thermal  gra- 
dient increased  following  the  middle  Eocene,  the 
high  pressure  system  strengthened,  the  period 
of  drought  increased  in  duration  and  intensity, 
and  new  taxa  originated  in  response  to  spreading 
aridity.  Local  semiarid  areas  probably  support- 
ed semidesert  vegetation  by  the  late  Eocene, 
and  many  near-modern  semidesert  species  were 
already  in  existence  by  the  Miocene.  Semides- 
erts probably  attained  maximum  area  under  the 
mild,  dry  climate  of  the  middle  Pliocene  (5-7 
m.y.).  being  interrupted  by  oak-conifer  wood- 
land, grassland,  thorn  forest,  and  possibly  by 
local  desert  patches.  Reduced  in  area  during  the 
moist  late  Pliocene  and  the  Pleistocene  plu vials, 
a  full  regional  desert  environment  first  appeared 
only  during  the  interglacials  and  now  has  its 
greatest  extent  under  a  dry  climate  uhose  se- 
verity has  not  previously  been  equalled. 
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The  diverse  plant  forms  in  the  Sonoran  Desert 
were  derived  from  hardy  taxa  which  contributed 
to  the  varied  vegetation  zones  that  occupied  the 
region  before  it  was  a  desert.  They  persisted 
over  the  area  because  they  were  preadapted 
both  in  form  and  function  to  the  trend  to  in- 
creased drought.  These  diverse  taxa,  each  of 
which  was  preadapted  to  greater  drought  and 
higher  ranges  of  temperature,  and  which  have 
persisted  over  the  region  with  relatively  little 
basic  change,  are  referred  provisionally  to  sev- 
eral ages: 

1.  Monotypes  {Fouquieria,  Koeberlinia,  Pachy- 
cereus.  Simmondsia)  of  unique  adaptive  type 
and  isolated  taxonomic  position  probably  are 
relicts  of  the  Late  Cretaceous. 

2.  Distinctive  genera  of  large  tropical  families 
that  are  recorded  in  the  Late  Cretaceous  may 
also  have  appeared  at  that  early  date,  notably 
Brohea.  Washingtonia  (Arecaceae);  Beau- 
carnea,  Nolina,  Yucca  (Liliaceae);  Forcham- 
meria  (Capparaceae). 

3.  Distinct  genera  of  warm  temperate  alliance 
{Morus,  Mahonia,  Vauquelinia)  were  present 
in  the  Late  Cretaceous-Paleocene,  as  judged 
from  fossil  evidence,  and  their  species  were 
adapted  to  semiarid  climate  by  the  middle 
Eocene. 

4.  Many  distinctive  desert  species  which  belong 
to  genera  that  are  highly  diversified  in  tropi- 
cal regions  (e.g..  Acacia,  Bursera,  Ficus, 
Pithccellohium,  Randia)  had  assumed  near- 
modern  form  by  the  middle  Eocene,  with 
species  of  these  and  other  genera  that  are  less 
distinctive  having  originated  later. 

5.  Endemic  genera  of  the  Sonoran  region  that 
differ  only  slightly  from  those  in  bordering 
areas  (e.g.,  Triteleiopsis-Broduwa)  may  be  as 
young  as  Miocene  or  Pliocene. 

6.  Herbaceous  and  perennial  plants  that  are 
scarcely  distinguishable  from  allies  in  the  ad- 
jacent region  probably  are  Pliocene  and  Pleis- 
tocene. 

7.  Taxa  that  range  from  moister  regions  into  the 
desert  evidently  were  able  to  persist  there  as 
desiccation  increased  following  the  last  gla- 
cial-pluvial because  they  were  preadapted  to 
greater  drought.  In  addition,  the  Sonoran 
Desert  flora  contains  riparian  and  aquatic 
habitats  where  non-xerophytic  species,  some 
ancient,  can  and  do  exist. 

8.  Over  100  species,  chiefly  weeds  from  the  Eu- 


ropean region,  have  become  established  in 
open,  disturbed  areas  in  the  driest  parts  of 
the  Sonoran  Desert  in  the  last  300  years. 

The  vegetation  zones  that  surround  the  So- 
noran Desert  usually  are  dominated  by  a  single 
life  form,  but  the  vegetation  of  the  Sonoran  Des- 
ert has  many.  This  reflects  the  persistence  there 
of  varied  life  forms  from  the  vegetation  zones 
that  earlier  occupied  the  region,  not  their  origin 
in  an  ancient  desert  climate.  The  marked  imbal- 
ance of  the  Sonoran  Desert  flora  owes  its  exis- 
tence to  the  recency  of  extreme  desert  climate, 
not  to  the  inability  of  plants  in  semiarid  regions 
to  withstand  increased  drought  or  heat.  Numer- 
ous species  now  common  to  the  Sonoran,  Chi- 
huahuan,  and  Hidalgan  deserts  imply  an  earlier, 
greater  unity  of  semidesert  vegetation,  followed 
by  segregation  into  new,  drier  subclimates.  The 
Hidalgan  Desert  has  many  more  "primitive" 
taxa,  chiefly  because  they  were  preserved  as  the 
Mexican  plateau  was  uplifted  into  a  more  equa- 
ble dry  climate  than  that  of  the  colder  Chihua- 
huan  or  the  hotter  Sonoran.  The  Hidalgan  en- 
vironment more  nearly  approximates  that  which 
is  inferred  for  the  Tertiary  semideserts. 

Most  of  the  200-odd  genera  and  7  families  con- 
fined to  the  dry  climate  of  Mexico  and  bordering 
areas  have  only  one  or  a  few  species.  Ranging 
from  ancient  monotypes  to  more  recently  de- 
rived genera,  these  autochthons  of  the  Madrean 
floristic  province  support  paleobotanical  evi- 
dence which  indicates  that  local  sites  in  the  pres- 
ent area  of  the  Sonoran  and  Chihuahuan  deserts 
served  as  the  prime  centers  for  the  evolution  and 
accumulation  of  taxa  adapted  to  the  progres- 
sively spreading,  and  increasingly  more  severe, 
dry  climate  of  the  Cenozoic. 

As  different  subclimates  developed  during  the 
later  Cenozoic,  many  desert  taxa  were  eliminat- 
ed from  the  areas  of  more  extreme  climate  and 
have  survived  in  those  with  more  equable  con- 
ditions. These  are  precisely  the  areas  where  the 
most  numerous  relicts  occur.  The  resultant  seg- 
regation of  taxa  into  regional  subclimates  in  the 
later  Pliocene  and  Pleistocene  fashioned  the 
composition  of  the  major  warm  deserts  (Sono- 
ran, Chihuahuan.  Hidalgan)  and  also  their  sub- 
provinces. 
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